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Abstract

Amyloid-3 (AR) oligomers are the suspected culprit as initiators of Alzheimer’s disease (AD). However their
diffusion in the brain remains unknown.

Here, we studied AR oligomers dissemination and evaluatedrhio toxicity. Wild-type mice were injected with

50 picomoles of synthetic Al oligomers (of different size) in the hippocampus.

Oligomers diffused largely in the brain as soon as 1 hour and up to 7 days after injection. A transient encephalopathy
with memory impairment was induced by this unique injection. The immunoreactivity of the post synaptic marker
PSD95 was diffusely decreased. Similar results (both on memory and PSD95 immunoreactivity) were obtained with
delipidated and high molecular weight oligomers (>50 kDa) but not with smaller assemblies. Tau
hyperphosphorylation was observed in oligomer-injected brains. Finally, fos immunostaining was increased in
ADDLs injected mice, suggesting neuronal hyperactivity.

Rapid and widespread diffusion of AR oligomers was demonsiratée and associated with decreased synaptic

markers and memory deficits which gives new insight to the pathogenicity of AR.
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1. Introduction

Diagnosis of Alzheimer's disease (AD) relies on two hallmark lesions: extracellular deposits of beta-
amyloid peptides (AR deposits) and intraneuronal aggregates of hyperphosphorylated Tau protein (neurofibrillary
tangles) (Duyckaerts, et al., 2009). A current physiopathological hypothesis states that the overproduction or
insufficient clearance of s the event that induces a cascade of secondary brain alterations (synaptic damage,
inflammation, tau hyperphosphorylation, neuronal death) leading to dementia (Hardy and Selkoe, 2002,Hardy and
Higgins, 1992). This sequence of events has, however, never been reproduced by injecting fibrillar or mofomeric A
peptides in the brain of animals (Games, et al., 1992) ; moreover, the failure of recent therapeutic trials in which a
reduction of the amyloid load did not modify the progression of the symptoms does not support the amyloid cascade
hypothesis (Doody, et al., 2014,Gilman, et al., 2005,Holmes, et al., 2008,Salloway, et al., 2014). One hypothesis to
explain these failures could be that the toxic AR species have not been specifically targeted (Goure, et al., 2014).
Experimental data from the last decade suggest indeed a revision of the model. Numerous reports show that the toxic
pool of AB is not made of extracellular aggregates, but of soluble oligomeric molecular assemblies (Selkoe, 2008).
The failure of the cascade hypothesis model could hence be related to its emphasis on the concenfiatitimeof A
than on the aggregation state of the peptide: hence fibrils of AR are more toxic than monomers but less than
oligomers in vitro (Chromy, et al., 2003). Oligomers are aggregatef tiak remain soluble and show an exquisite
synapto-toxicity. Solubility-diffusibility and/or active transport are required to explain the spreadifigtafigity
but have not yet been thoroughly analyiuivo.

Synthetic AR oligomers such af Merived Diffusible Ligands (ADDLSs) have been shown to bel0 times more
neurotoxicin vitro than fibrillar A3, and 50 times more toxic than monomer{g Aambert, et al., 1998,Stine Jr, et

al., 2003). ADDLs colocalize with PSD95, a marker of postsynaptic densities (Lacor, et al., 2004). They alter the
shape, composition and density of synapses (Lacor, et al., 2007). They modify mGIuR5 receptor clustering and
lateral diffusion at the cell membrane triggering an intracellular calcium influx and causing drastic synaptic changes
(Renner, et al., 2010). Only few studies have investigated the effentsied administration of AR oligomers.

Injections of different types of AR oligomers in the lateral ventricles acutely induce marked memory impairments



(Balducci, et al., 2010,Cleary, et al., 2005,Garcia, et al., 2010,Youssef, et al., 2008). Unilateral injection restricted to
the hippocampus is sufficient to induce a general deficit in memory (Moon, et al., 2011,Pearson-Leary and McNay,
2012) while a localized lesion of the hippocampus should not cause such impairments (Moser, et al., 1995). A
diffusion of the A oligomers or a widespread reaction to its local injection could explain the severity of the
symptoms. It has been hypothesized that induced memory impairments are tightly associated with the synaptotoxic
effects of oligomers (Selkoe, 2008). Widespread synaptic dysfunction is nonetheless required to promote behavioral
effects. This implies large diffusion of AR oligomers through the brain parenchyrivaviudg evidence is currently
lacking.

In the present study, AR oligomers diffusion and toxicity were studied after injection of various types of
ADDLs in wild-type mice. The consequences of a unique injection in the hippocampal formation (hippocampus or
adjacent rhinal cortex) were examined. As lipids have been suggested to act as co-factors for AR-induced toxicity
(Hong, et al., 2014,Martins, et al., 2008), both regular ADDLs (synthetized in lipid containing medium) and
delipidated ADDLs were tested for their toxicity. The diffusion of AR species in brain parenchyma was assessed by
different methods (histological mapping and imaging mass spectrometry —IMS (Chaurand, 2012,Cornett, et al.,
2007)). Local and distant synaptotoxic effects were quantified as well as other neuropathological alteration (tau
phosphorylation, changes in evoked neuronal activity). Consequences of ADDLS injection on learning and memory

tasks were also analyzed.

2. Materials and Methods

2.1. Oligomers preparation & characterization

Untagged human 1-42 peptide (California Peptide Research, Napa, CA, USA) or N-terminal taggded A
42 peptides with either HiLyte FluorTM 555 (Anaspec, Fremont, CA, USA) or biotin (California Peptide Research)
were used to prepare ADDLs according to published protocols (Klein, 2002,Lacor, et al., 2004,Lambert, et al.,
1998,Renner, et al., 2010). Molecular weight (MW) fractionation of oligomeric species was obtained with Centricon
YM-50 concentrators (Millipore, Bedford, MA, USA), used according to manufacturer's instructions as previously
described (Lacor, et al., 2004). Filtrate low MW ADDLs (below 50 kDa) and retentate high MW ADDLSs (above 50

kDa) were obtained. Alternatively ADDLs were prepared in a delipidated environment by substituting the regular



F12 medium with a customized medium deprived of lipids (linoleic and lipoic acids) (Caisson Laboratories, North
Logan, UT, USA). A vehicle solution (dilution solvent or dilution solvent with added free biotin) or a solution of
scrambled B1-42 peptides (California Peptide Research) was used as control injectates.

Prior toin vivo injection, each ADDL solution was tested for proper synaptic binding and toxicity in
matured hippocampal neurons cultures as previously described (Lacor, et al., 2004,Lacor, et al., 2007).

Forin vivo experiments, the amount of injected oligomers was calculated to reach a cerebral concentration
of the same order of magnitude as the concentration of sol{bbtdgerved in AD brains, i.e. less than 1 pug/g
(McLean, et al., 1999). One pul of a 50 UM solution was injected i.e. 50 picomoles of AR monomer equivalent. We
therefore injected 0,225 pg of AR in adult mouse brains weighting around 500 mg. If the ADDLs were freely

diffusing in that volume, their final concentration would be 0,45 pg / g.

2.2. Animals

Twelve weeks old C57BI/6 male mice (Janvier, Saint Berthevin, France) were used. One hundred and forty
one mice were injected in total either with ADDLs or with control solutions. Mice were habituated for one week to
their new environment before initiating surgery. The general health of the mice was regularly checked and body
weights were assessed weekly throughout the experimental period. All experiments on animals were conducted in
accordance with the ethical standards of French and European laws (European Communities Council Directive
2010/63/EU on the protection of animals used for scientific purposes). The supervisor of the present study (B. D.)
has received official agreements from the French Ministry of Agriculture to carry out research and experiments on
animals (authorization No. A-75-1741). The project was approved by the local Ethics committee (Charles Darwin

committee; project N° 643.01).

2.3. Stereotactic injections

The general design of the experiments and the allocation of mice are descklgpd.iMice were
anesthetized (ketamine 100 mg/kg, xylazine 10 mg/kg intra-peritoneallyul@hé&DDLs solution or 1 pl of a
control solution was injected in the right hippocampus using a Hamilton syringe (1701 RINH&milton,
Bonaduz, GR, Switzerland) equipped with a 33G steel needle (Dominique Dutscher, Brumath, France) and mounted

on a nano-pump syringe (KDS310 Syringe Pump, KD Scientific, Holliston, MA, USA).



The coordinates of the injections sites were adapted from the Franklin and Paxinos atlas (Paxinos and Franklin,
2004): AP: -2,2 mm from Bregma; ML: +1,3 mm from midline ; DV: -1,9 mm from dura. Oligomers were injected

over a 5 min period (0,2l/min) and the needle was left in place for another 5 min after injection.

2.4. Behavioral analysis

Spatial memory: Six or thirty days after injection spatial memory was assessed in a Y-maze paradigm.
Environmental conditions were kept constant (13 lux luminosity and 60 dB white noise). The mouse was placed in a
transparent plexiglas Y-maze (height: 20 cm; width 12 cm and length: 26 cm) with one arm closed by an opaque
door and allowed to freely explore the other two arms for 10 min. Mice were then replaced in their home cage for a
15 min delay. After the delay period mice were re-introduced in the maze (previously cleaned with ethanol 70° in
order to remove olfactory cues) with all three arms available. They were given a 5 min free exploration trial. During
the test, the mouse was filmed with a camera and its activity automatically recorded and analyzed by a videotracking
system (AnyMaze, Stoelting, Wood Dale, IL, USA). The travelled distance, the number of arms visited and the
discrimination index (I) were recorded. The index | is a measure of memory performance (I= time spent in the new
arm / time spent in all 3 arms expressed in %; chance level: 33%).

Exploration of a novel environment: A subgroup of 16 animals was behaviorally stimulated to study evoked
neuronal activity mapped by fos protein, an immediate gene product used as a marker of neuronal activation (Terleph
and Tremere, 2006), immunoreactivity ($8g. 1). Seven days after surgery, the mice were placed in an openfield
(in the aforementioned environmental conditions) in which 4 objects had been placed to provide visual-tactile cues
and stimulate exploration. After ten minutes in the openfield the animals were placed in their homecage where they
remained for 90 minutes before being sacrificed. The 90 minutes delay was selected to maximize post-stimulation

fos expression.

2.5. Tissue preparation

Mice were sacrificed 1 hour to 30 days after injection. For all experiments except MS imaging (see below)
mice were anaesthetized with pentobarbital (120 mg/kg) and then transcardially perfused with 4% paraformaldehyde.
The brain was extracted, cryoprotected in a 2 % - DMSO — 20 % glycerol solution and finally cut on a freezing

microtome (serial sections of 44in of the entire brain).



2.6. Histology

Injected ADDLs: Tissue samples from mice injected with ADDLs tagged by Fluor Hylite 555 were directly
mounted on glass slides (Superfrost® plus, Menzel-glaser GmbH, Braunsheig, Germany). Tissue samples from mice
injected with biotinylated ADDLs were revealed by the avidin-biotin technique following the manufacturer's
recommendations (ABC Elite kit, Vector labs, Burlingame, CA, USA).

Immunohistochemistry: the sections were first pretreated with hydrogen peroxide to block endogenous
peroxidases activity. Different primary antibodies were used (Table 1). Noticeably ADDLs detection was assessed
by two concurrent antibodies: OC that recognizes fibrillar oligomers (Kayed, et al., 2007) and NU1 that was obtained
after mouse immunization with ADDLs and is well characterized for its specificity to oligomer AR without cross-
reacting monomeric or high-molecular weight fibrillar AR (Lambert, et al., 2007). NU1 is able to recognize early AR
deposits corresponding to pre-plaques oligomeric material (see Sup Fig 1 c-d). Following blockade of non-specific
antigenic sites with goat serum 5%, were then incubated overnight at room temperature (except for fos antibody that
was incubated 48 hours at 4°C). The sections were then incubated with the secondary biotinylated antibodies for two
hours (Table 1). The secondary antibody was detected by the peroxidase-avidin-biotin technique with 3,3’-
diaminobenzidine (DAB -Sigma-Aldrich, Saint-Quentin Fallavier, France) or DAB enriched with nickel salt (DAB-

Ni) as chromogen. Sections were then collected on Superfrost glass slides, air-dried and finally dehydrated and
cleared in grading alcohols and xylene and mounted in Eukitt mounting medium (EMS, Hatfield, PA, USA).
Immunofluorescence: the sections were treated for 2 hours as previously described but the secondary antibodies were
coupled to specific fluorochromes (see Table 1). The sections were collected on Superfrost glass slides and mounted
in VECTASHIELD® Hard Set™ Mounting Medium with DAPI (Vector Laboratories), an aqueous medium

containing DAPI to stain nuclei.

2.7. Images acquisition & analysis

The histological slides were examined with an Apotome.2 system for fluorescence microscopy or a Zeiss
Scope .Al for brightfield microscopy (Zeiss, Oberkochen, Germany). Digital pictures were acquired with the
Axiovision (Zeiss) software. Microscopic scans of whole sections (pixel size 0.25 um2) were acquired with a

Nanozoomer 2.0 RS slide scanner (Hamamatsu Photonics, Hamamatsu, Japan).



To evaluate the presence of biotinylated ADDLSs in brain tissues, 3 observers (SE, BD & CD) assessed the
slides blinded to the nature of the injectate. The staining was considered positive when a diffuse DAB signal could
be evidenced by all three assessors and negative otherwise.

Following PSD95 immunohistochemistry, hippocampus, prefrontal cortex and corpus callosum were
manually outlined on digitized sections. The mean grey value (GV) of the pixels in each region was then assessed
using image analysis software ImageJ (Fiji Package) (Schindelin, et al., 2012) and converted to optical density (OD)
using the formula OD= Log(256/(GV+1)). OD were normalized relative to the staining of the corpus callosum,
which served as baseline value to obtain relative optical densities (ROD). Similar analyses were performed to
evaluate AT8 immunostaining: OD were measured in 3 regions of interest (dorsal hippocampus and prefrontal
cortex).

Cell counts after fos immunostaining were performed using ICY, an open source software
(http://icy.bioimageanalysis.org) (Braudeau, et al., 2011,de Chaumont, et al., 2012). The hippocampus and the
prefrontal cortex were delineated in both hemispheres. The numbers and areas of fos-positive neurons (ICY spot
detector plugin) were automatically detected with the same settings applied to all slices / animals (Scale 2, Threshold
100) (Olivo-Marin, 2002). The ratio “area labeled by the anti-fos antibody / area of the region of interest” was used

as a quantitative unbiased measure of fos immunostaining.

2.8. Imaging mass spectrometry

Matrix-assisted laser desorption ionization and imaging mass spectrometry (MALDI IMS) was used to test
the diffusion of the ADDLs. Mice were euthanized by cervical dislocation one hour after injection. Their brain was
immediately snap-frozen by immersion in liquid nitrogen. Ten um-thick coronal brain sections were obtained at the
level of the injection point using a cryostat (CM3050 cryostat, Leica Microsystem GmbH, Wetzlar, Germany) and
mounted on conductive indium-tin oxide coated glass slides (Delta Technologies Ltd, Loveland, CO, USA). The
MALDI matrix (sinapinic acid at 4 mg/ml in 60:40 acetonitrile: 0,2% trifluoroacetic acid) was automatically
deposited on the tissue sections using a chemical printer (CHiP 1000, Shimadzu Corporation, Laval, Qc, Canada).
Printing was performed at a center-to-center resolution of 200 um by accumulating a total of 110 droplets per spot
(~100 pl per droplet). Profiling and IMS of tissue sections were performed on a MALDI Time-of-flight (TOF) mass

spectrometer (Ultraflextreme, Bruker Daltonics, Billerica, MA, USA). MS data were acquired in the linear geometry



with an accelerating potential of 25 kV with delayed extraction parameters set for optimal resolving power between
4000 and 5000 amu. IMS data were automatically acquired with the FlexControl 3.4 software with a spatial
resolution of 20Qum. lon images were displayed and analyzed in Fleximaging 3.0. For comparison with histological
data, serial 10 um sections were stained with haematein and eosin (H&E) using standard protocols.

To confirm the results obtained with IMS, qul5 of a 1:1 acetonitrile: 0.1% trifluoroacetic acid solution was
left on the section 1 min and aspirated twice to dissolve the free peptide dried on the section. After centrifugation, the
extract was analyzed by LC-MS/MS on a nanospray-LTQ-Orbitrap XL MS (Thermo Scientific, San Jose, CA, USA)
using a C18 LC column (Chaurand, et al., 2007). The results were compared with the spectrum obtained from an

ADDL stock solution.

2.9. Statistical analysis

Statistics were calculated using the GraphPad Prism statistical package (GraphPad Software, La Jolla, CA,
USA). Student’s t-test was used to compare control and injected groups. Statistical significance was set to a p value

<0.05.

3. Results

3.1. In vitro characterization of injectates

ADDLs were considered toxic and usableifovivo injection when they induced at least 50% of dendritic
spine removal in mature hippocampal cultures (as described in (Lacor, et al., 2007)). Delipidated ADDLs had similar
effectsin vitro as regular ADDLs (data not shown). Unless noted, experiments were performed using regular

ADDLs.

3.2. Injected ADDLs detection in mouse brain

ADDLs were detected 1 hour to 7 days post injection with various techniques.
MALDI MSanalysis of brain tissue one hour after injection of ADDLs showed intense protein profiles in a
mass range below 20,000. In particular, a signal at m/z 4738.5 corresponding to the protonated average mass of the

biotinylated ADDL molecule was observdeig. 2). No signal at the same m/z was observed from control brain
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sections. IMS analysis showed a large diffusion of ADDLs in both hemispheres one hour after their unilateral
injection in the hippocampus. The identification of the signal observed at m/z 4738.5 as caused by ADDL was
subsequently confirmed by LC-MS/MS performed following protein extraction from the studied histological

samples.

ADDLstagged with Fluor Hylite 555 could be directly detected after their injection. Five hours after
injection, a diffuse fluorescent signal could be seen in the neuropil, strongest at the site of injection but still visible at
a distance of 80m, from it on the rostro-caudal axis. At the site of injection, a fluorescent signal was detected in
neurons (neurites and soma). It was attenuated 7 days post injection but could still be seen mostly at the injection
site. It was found as granular material in the cell body and neurites of hippocampal nEilg:d®a)(

Immunostaining with anti AR (6E10) and anti AR oligomers (OC and NU1,; see Fig. 3 a-b) confirmed the
widespread diffusion of the ADDLs five hours and seven days post injection. The signal detected by the different
antibodies was both intracellular (in neuronal cell bodies), and extracellular (granular punctiform deposits in the
neuropil). OC detection of AR seven days after injections was particularly sensitive, showing positive labeling in
almost all brain regions at various rostro-caudal le\ilg. @b). While A3-positive material was detected in brain
tissue following ADDLs injection, no evidence of fibrillar deposits (i.e. thioflavin-S positive) was observed (Sup Fig
1 a-b) underlining the non-aggregation of injected AR.

Biotinylated ADDLs were detected 7 days post injection throughout the whole brain in the injected mice
(Fig. 3 c-d). The labeling of biotinylated ADDLs was mostly diffuse with an extra- and intra-cellular topography;
neuron cell bodies were stained even in distant regions of the brain (2 mm anterior to the injeckan S (

The same diffusion was observed with biotinylated ADDLs prepared in a delipidated medium (data not shown). No
positive staining was observed in the 18 mice injected with control solution composed of vehicle plus free biotin

(Fig. 3c). Finally, no staining was observed when injected ADDLs were not biotinylated.

3.3. Behavioral effects associated with ADDLs injection

Six days post-surgery ADDLs injected mice explored the new arm of the maze at the chance level (33%)
during the retention trial and therefore did not display memory of the previously-explored-agr3. (Animals

injected with control solution on the other hand explored the new arm 58% of the time, hence showing a significant
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spatial bias underlining good recognition memory performance. The difference between the two groups was
significant (p<0,0001). The same memory impairment was observed with retentate or delipidated ADDLs (ps <0.05).
However mice injected with filtrate ADDLs did not differ from controls (p>0.34). Behavioral measures of total
distance travelled and average speed were not significantly different across the various groups analyzed
(comparisons between control and ADDLs groups: all ps>0.21).

One month after injection two animals had to be removed from the analysis due to freezing behavior during
the acquisition phase of the test. For the 16 remaining animals, both vehicle and ADDLs injected mice explored the

new arm above chance level without any significant difference between the two groups (p>0.12)

3.4. Neuropathological consequences of ADDLs injections

PSD95 immunoreactivity was decreased in ADDLs injected mice: seven days after injection of regular
ADDLs, PSD95 ROD was significantly reduced in the hippocampus (p < 0.025) but also at a distance from the
injection site, i.e. in the prefrontal cortex (p < 0.0Big. 5). The injection of delipidated ADDLs had the same effect
with PSD95 ROD decreased by 16% in the hippocampus (p<0.05) and by 14% in the prefrontal cortex (p<0.05). For
the retentate ADDLs, a PSD95 ROD decrease was also observed in the hippocampus (p<0.05) and prefrontal regions
(p<0.01). Finally, in mice injected with filtrate ADDLs PSD95 ROD did not differ from controls.

Induced tau phosphorylation as detected by AT8 immunohistochemistry was observed 1 day and 7 days
after injection of ADDLSs in the hippocampus. The signal was diffuse, encompassing most of brain areas but mostly
present in axon rich regions of the brain such as mossy fibgrs]. No individual tangle-like aggregates or pre-
tangles could be visualized in neurons which was consistent with previous findings (Brouillette, et al., 2012). Visual
assessment of the slides did not allow selecting a negative region that could have been used as a measure of the
background noise; absence of such a reference area precluded the calculation of relative optical densities. Group
comparisons were therefore assessed using OD (ADDLs vs. controls: all p’'s<0.01 in frontal cortex and dorsal
hippocampi). No differences were observed between right (injected) and left (non-injected) hemispheres (p's>0.07).
The staining levels were also comparable in mice sacrificed 1 day and 7 days after injection (p=0.23).

Evoked neuronal activity assessed by fos immunostaining was globally increased in ADDLs injected mice
as compared to controls (51% increase, p< 0.01Fige&). This increase of fos labeling was seen not only at the

injection site in the hippocampus (p < 0.05) but also at a distance from it, in the prefrontal cortex (p<0.001).
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To summarize, despite topical injection ADDLs induced widespread morpho-functional effects. In
particular PSD95 ROD was reduced in both the ipsi- and contralateral hippocampi and frontal cortices. Similarly fos

and tau changes were distributed equally in the two brain hemispheres of ADDLs-injected mice.

4. Discussion

We have shown histologically and by MS imaging that ADDLSs injected in the hippocampus of wild type
mice were detected diffusely in brain parenchyma within hours and could still be evidenced a week after. They were
associated with tau hyperphosphorylation, decreased PSD95 and increased fos immunoreactivities and cognitive
impairments. The cognitive changes were not evidenced one month after injection confirming the transient and
reversible toxicity of oligomers as already exemplified by others (Balducci, et al., 2010,Youssef, et al., 2008). It is
possible that more robust and stable phenotypes could be induced following chronic ADDLs administration
mimicking gradual and continuous A3 accumulation. However, to our knowledge, the long-lasting effects of chronic
oligomers administration remain to be explored.

There are probably many ways in which AR oligomers (ADDLs in our study) are transported in the brain
parenchyma. The term of spreading has been used to describe the slow progression of pathology within the brain of
animals injected with misfolded proteins. A mechanism of “corruptive protein templating” has been postulated to
explain A3 accumulation and the parallel development of alterations in connected territories (Jucker and Walker,
2011). Phases of brain amyloidosis in Man (Thal, et al., 2002) also suggest a slow progression of AR accumulation,
initiating in the isocortex and gradually involving subcortical and deep brain regions.

In our experiments, the signal ofAvas visualized by MS imaging at a large distance from the injection
site within one hour. HistologicallyPoligomers were detected in injected brains by concurrent methods
(fluorescent or biotin tags, immunohistochemistry with different anti-A3 antibodies). While no aggregated material
was evidenced following ADDLs injection, AR was detected in neuronal perikarya close to the injection site and at a
distance from it — indicating thatBAcould cross the cell membranes. The large distribution of AR oligomers we
depicted was however poorly compatible with a transport via neural connections as olvsétvedHong, et al.,

2014) or in transgenic mice, with a time scale encompassing weeks or months (Eisele, 2013). The widespread
distribution of the oligomers, observed in the extracellular space shortly after injection, rather suggests a diffusion

process. Molecules, including high MW assemblies, passively diffuse in the extracellular space along concentration
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gradients with the usual motion constraints (diffusion coefficient, tortuosity) observed in confined media (Sykova
and Vargova, 2008). The bulk flow in the perivascular space or along the basement membrane as well as the
glymphatic flow of interstitial fluid could actively contribute to AR diffusion (Abbott, 2004,Carare, et al., 2008, Xie,
et al., 2013). Interestingly, no fibrillar A could be evidenced after ADDLSs injection in the brains of wild type mice.

The rapid diffusion of oligomers was associated with an impairment of spatial short-term memory, a toxic
effect consistent with previous reports relying on the use of natural or synthetic AR oligomers (Balducci, et al.,
2010,Brouillette, et al., 2012,Cleary, et al., 2005,Garcia, et al., 2010). The cognitive impairment of ADDLs-treated
mice was associated with a loss of synaptic markers. We found a decrease of PSD95 immunoreactivity in ADDLs-
injected mice, not only at the injection site but also at a distance from it, in the frontal cortex (as previously
evidenced (Garcia, et al., 2010). The binding of AR oligomers to synapses and neuronal membranes which has been
assesseih vitro (Lacor, 2007,Lacor, et al., 2004,Renner, et al., 2010,Wilcox, et al., 2011) alters synaptic plasticity
(Selkoe, 2008) and could be the source of the observed functional impairments.

AR oligomers are also known to promote tau phosphorylatigitro (De Felice, et al., 2008,Jin, et al.,
2011,Zempel, et al., 2010) aimdvivo (Brouillette, et al., 2012). In our experimental model we did observe a diffuse
increase of AT8 immunostaining at the injection level and also in distant areas (frontal region). Other anti-tau
antibodies did not discriminate vehicle- vs ADDLs-injected mice (data not shown. See (Brouillette, et al., 2012) for
similar results). The widespread tau hyperphosphorylation detected by AT8 is not compatible with a toxicity
involving a transport of A through connections; it is rather related to the direct effect of oligomers over a large area
of diffusion.

Finally oligomers injections induced neuronal hyperactivity in the hippocampus (i.e. at the injection site)
and at a distance in the frontal cortex. Overexpression of synaptic immediate early genes has been reported in
neuronal cell cultures bathed with ADDLs (Lacor, et al., 2004). Oligomer-induced abnormal clustering of mGIuR5
has been thought to cause neuronal hyperactivity (Renner, et al., 2010). Focal neuronal hyperactivity and increased
neuronal metabolism have been previously reported in AD transgenic mice (Dubois, et al., 2010,Palop, et al., 2007).
This neuronal hyperactivity could correspond to the brain activity changes reported in subjects at risk of AD or in
patients at a preclinical stage of the disease (Bakker, et al., 2012,Dickerson and Sperling, 2008).

As the diffusion process of the ADDLs is widespread and very fast (the MALDI IMS analysis indicate that

one hour after injection the ADDLs can already be found throughout all the studied brain section) no localized toxic
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effect (e.g. targeting the sole injected hippocampus) were observed. The rapid spreading of ADDLs explains the
diffuse pattern of pathological markers (loss of PSD-95, increase in p-tau and fos immunoreactivities) observed in

ADDLs-injected mice.

High molecular weight (HW) AR assemblies (over 50 kDa, i.e. dodecamers and above) elicited the same
memory and synaptic impairments as the total ADDLs preparation, contrary to the low molecular weight (LW)
oligomers (< 50 kDa). These data confirm sameétro observations (Lacor, et al., 2007): HW ADDLs, but not LW
ADDLs, bind to synapses and are synaptotoxic. This differential toxicity may be related to a lesser clearance of the
HW vs. LW species from the brain (Takeda, et al., 2013). Interestingly HW AR oligomers have been shown to be
elevated in the cerebrospinal fluid of AD patients, suggesting their pathogenicity in the Human (Fukumoto, et al.,
2010). Toxic effects of cellular supernatants containifigagsemblies have concurrently been repeatedly attributed
to dimers or trimers (Figueiredo, et al., 2013,Selkoe, 2008, Townsend, et al., 2006,Walsh, et al., 2002). The toxicity
of these LW species still remains controversial (Lesne, 2013). Ofhers8emblies have been incriminated such as
dodecamers (B56) and the opinion has been expressed that it is currently impossible to attribute synaptotoxicity
and associated morphological or functional changes to a single AR species (Benilova, et al., 2012). Our results show
that, considering synthetic AR oligomers, only HW species promote toxic effects.

Unidentified partners that potentiate oligomers toxicity and diffusion cannot be excluded (Benilova, et al.,
2012). We wondered if lipids contained in ADDLs preparations could serv@ parthers and play, by themselves,

a toxic role (Fantini, et al., 2014,Hong, et al., 2014,Martins, et al., 2008). We found that lipidated and delipidated
ADDLs exerted the same toxicity. While it is noteworthy that oligomers of A3 do not need to be synthetized in a
lipidic medium to induce toxicity, it is plausible that once injected they associate with brain lipids or other co-factors
(Hong, et al., 2014).

In conclusion our injection experiments showed that oligomers are able to diffuse rapidly in the brain. They
also exert a direct toxic effect as posited by the revised cascade hypothesis. By contrast, formation and dissemination
of classical AR aggregates that start years before the onset of symptoms (Bateman, et al., 2012,Braak and Braak,
1997) are characteristic of the spreading of cerebral R-amyloidosis (Jucker and Walker, 2011). Although the rapid
diffusion and toxicity of oligomers of A3 do not match the slow deposition of fibrillar A3 plaques in AD, soluble AR

species could be the source of the subtle cognitive impairments going on for decades before AD dementia is
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diagnosed (Amieva, et al., 2014,Lesne, et al., 2013). Our injection model hence mimics acutely some critical early
events of AD and demonstrates the high potential of AR oligomers to diffuse in tissue, thus giving a valuable
opportunity for subsequent therapeutical or physiopathological studies targeted against these toxic species (Goure, et

al., 2014).
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8. Figure legends

Fig. 1 Flowchart of mice population. The arrow represents time. Each time point is represented by a dashed
perpendicular line (namely at 1 and 5 hours (H1, H5), 6, 7 and 30 days (D6, D7, D30) after injection). APDLs: A
derived diffusible ligands, dADDLs: delipidated ADDLs, rADDLs: retentate ADDLs (>50KDa), fADDLs: filtrate
ADDLs (<50KDa), scrADDLs: scrambled ADDLs, VEH: Vehicle solution, FH555-ADDLs: fluor hylite 555 tagged
ADDLs, IHC: immunohistochemistry. MS imaging: Mass spectrometry imaging

Fig. 2 Short-term ADDLs diffusion (1 hour post injection). Partial MALDI MS protein profile acquired from a brain
section showing a signal at m/z 4738.5 corresponding to the biotinylated ADDL one hour after injection (a). This
signal was not observed in control animals injected with vehicle+biotin. Coronal brain sections distribution of m/z
4738.5 monitored by imaging MS showed positive signal in ADDL-injected mice (ADDL, (b)) but not in vehicle-
injected animals (VEH, (c))

Fig. 3 Long-term ADDLs diffusion (7 days post-injection): The ADDLs can be observed in the soma (arrowhead)

and dendrites (arrow) of hippocampal neurons. On the left, Hylite 555 tagged ADDLs are directly visualized in the
CA1 of the injected hippocampus. On the right, in another mouse, regular ADDLs are stained by the NU1 antibody
in the same hippocampal area. Both the soma (arrowhead) and neurites (arrows) of the neurons are stained (a). OC
immunohistochemistry also allowed the specific detection of A3, one week after its injection, in the cytoplasm of
neurons (arrowheads), both in the hippocampus and in frontal cortex (b). Biotinylated ADDLs (ADDLS) but not

biotin alone (VEH) can be revealed 7 days after injection using avidin-biotin amplification (c-d; * represents the
locus of the injection site for each mice). Three representative animals of each group (1-3: Vehicle+biotin injected,
4-6: Biotinylated ADDLs injected) are presented with an illustration of the biotin labelling along the brain rostro-
caudal axis (distance between sections: 800 um). A widespread diffusion of ADDLs was identified even at a distance
from the right hippocampus and in the cytoplasm of cortical neurons (magnified inset in d). No neuronal staining was
observed in control animals.

Fig. 4 Memory assessment.
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The ADDLs injected mice (ADDLSs) have short term spatial memory impairment as evidenced by the reduced
amount of time they spend exploring the new arm in a Y-Maze paradigm in contrast to vehicle injected mice (VEH).
ADDLs injected mice indeed explored the new arm of the maze at the chance level (33%).

Fig. 5 PSD95 Relative optical densities (ROD)

Optical densities (OD) of PSD95 immunostaining were measured in the prefrontal cortex (a) and dorsal hippocampus
(b). Relative optical densities were obtained with the OD of the corpus callosum as internal reference. ROD values
were normalized by the mean value of control mice across different experimental conditions. ADDLs as well as
dADDLs and rADDLs (but not fADDLS) induced a decrease in PSD95 immunostaining ROD compared to control
injections (c). * p < 0.05, ** p<0.01, ***p<0.001

Fig. 6 AT8 immunostaining optical densities (OD). 7 days after an injection of ADDLs or vehicle (VEH) AT8
immunostaining ODs were assessed in the frontal cortex (a) and dorsal hippocampus (b). Significant increase of tau
phosphorylation was observed in both regions. ** p < 0.01, ***p<0.001

Fig. 7 Fos immunostaining. ADDLs injected mice and controls were sacrificed 90 mn after a behavioral stimulation
at D+7 post-injection. Fos immunostaining was then performed to assess the evoked neuronal activity. The ratio of
fos immunolabeled surface to the surface of the region of interest (prefrontal cortex (a) or hippocampus (b)) was

significantly increased in ADDLs injected mice in both regions. *p<0.05 ** p < 0.01



Table 1: Antibodies used in this study

Primary Antibodies Clonality Dilution Target Origin
. ) Covance
1:1000 AR amino acids .
6E10 M Paris, France
IF/IP 3-8
oc p 1:1000 Amyloid fibrils and StressMarq (Euromedex)
IF prefibrillar oligomers Mundolsheim, France
1:1000 i
NU1 p AR Oligomers (ADDLs) WL Klein, Northwestern
IF University, Evanston, IL, USA
. . ABCAM
1:1000 PSD95 amino acids 50- .
PSD95 P Paris, France
IP 150
amino acids .
1:1000 Calbiochem Merck KGaA,
Fos P 4-17 of fos
IP Darmstadt, Germany
. 1:10 000 Thermo Fisher Rockford,
AT8- biot M pSer202/pThr205 of tau
IP IL, USA
Secondary Antibodies Dilution Conjugate Origin
. o Vector labs
Goat Anti-mouse 1gG (H+L) 1:400 Biotinylated .
Les Ulis,France
Goat anti-rabbit IgG (H+L) 1:400 Biotinylated Vector labs



Invitrogen

Goat Anti-mouse (H+L) 1:200 Alexa Fluor 488 Cergy Pontoise,
France
. . . kPL
Goat anti-Rabbit (H+L) 1:200 Dylight-Cy3

Gaithersburg, MD, USA

M: monoclonal, P: Polyclonal, IP: immunoperoxydase, IF: Immunofluorescence
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Highlights

* Weinjected AR oligomers in wild type mice brains.
e Itinduced memory and histological changes reminiscent of Alzheimer’s disease

e This might be due to their large diffusion pattern observed in 4 concurrent methods



Acute amnestic encephalopathy in amyloid-3 oligomers injected mice is

due to their widespread diffusion in vivo
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1) Supplementary Material and Methods

To assess the presence of fibrillar A3 in ADDLSs injected mice we performed a Thioflavin-S (Sigma-
Alrich) staining in injected mice one week after surgery and also in one transgenic mouse overexpressing
mutant APP and developing florid brain amyloidosis (APPxPS1 Ki line described in (Casas, et al., 2004))
as a positive control. All mounted sections were reacted with aqueous thioflavin-S 1% for 2 min, followed

by differentiation in 70% ethanol and final rinsing’ in water.

In addition, two young APPxPS1-Ki mice (less than 3 months old) were used to investigate early
oligomers deposition in brain tissue (immunohistochemistry using the anti-ADDL NU1 antibody) from
animals developing progressive brain amyloidosis. Double immunofluorescent staining were performed

using the NU1 antibody and a pan-AR standard antibody (4G8, 1:10 000, Covance, Paris, France).



2) Supplementary Results
While APPxPS1 Ki mice exhibited prominent fibrillar A3 pathology after Thioflavin S staining (Sup

Fig 1a) , no such staining could be evidenced in ADDLs injected mice, even at the hippocampal locus of

injection (Sup Fig. 1b).

Double immunostaining using standard anti-AR (4G8) and anti-Al3 oligomers antibodies indicate that,
in young APPxPS1-Ki transgenic mice, the deposition of AR oligomers predates the formation of mature

amyloid plaques (Sup Fig. 1 c-d).



3) Supplementary Fig. 1

Thioflavin S staining of one 3-months old APPxPS1-Ki mouse showing fibrillar AR plaques (a) and
of an ADDLs injected mouse with no visible signal even in the ADDLs injected hippocampus (b). Double
immunofluorescent labeling of AR plaques (revealed by the 4G8 antibody — red labeling) and of AR
oligomers deposits (NU1 — green labeling). NU1 immunoreactivity was detected as a peripheral, lightly
organized, corona around the 4G8 positive cores of plagues. More importantly small-sized deposits, only

immunodetected by the NU1 antibody (arrowheads) were also observed.(c-d)




4) Supplementary Reference

Casas, C., Sergeant, N., ltier, J.M., Blanchard, V., Wirths, O., van der Kolk, N., Vingtdeux, V., van de
Steegq, E., Ret, G., Canton, T., Drobecq, H., Clark, A., Bonici, B., Delacourte, A., Benavides, J.,
Schmitz, C., Tremp, G., Bayer, T.A., Benoit, P., Pradier, L. 2004. Massive CA1/2 neuronal loss
with intraneuronal and N-terminal truncated Abeta42 accumulation in a novel Alzheimer
transgenic model. American Journal of Pathology 165(4), 1289-300.





