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Abstract

Protein misfolding is implicated in different severe amylmtated
neurodegenerative diseases, like AlzheisneParkinsorf Vand
CreutzfeldtJacobf.VThis process results in the aggregatiortaxic

small solubleprefibrillar oligomers (PFOs)lmost ineffectiveproto-

fibrils (PFs) and maturdibres (MFs). Many efforts are pointing to

clarify PFOs structures and cytotoxicity. However, since their
metastability, oligomers change their conformation alevith the
experimentdeading to inconsistency in comparing data from different

groups Salmon Calcitonin (sCT)js a 32 amino acid polypeptide

hormone displapng the tendency to sedssemble in the amyloid

pattern with a very lowaggregation rate. This appieg feature allows

investigating the effects of native PFOs in the early stages of
neurotoxicity, without any chemical stabilizatiowe purified sCT

PFOs enriched fractions by means of size exclusion chromatography
(SEC)aimingto find who is the most tic species, among sCT PFOs,
comparing the biologic effects of native PFOs enriched fraction respect

to sCT monomers. The intracellular®Cese plays a fundamental role

in amyloid proteirinduced neurodegenerations. According to what we

found in literature, two paradigms have been explored: i) the
SPHPEUDQH SHUPHDELOL]DWLRQ™ GXH WR WKH |
other types of membrane @&DJH LL BHEHBWRG  PRGXOD\
of Ca* channels. Therefore, we tested the effects of native sCT PFOs

or monomers in differentiated neuronsmploying Ca*imaging,

cellular viability, LongTerm Potentiation (LTP), postsynaptic

densities protein expression excised patcitlamp recordings and
miniatureExcitatory PostSynaptic Currents (MEPSC) Results

indicated that PFOs but not Monomeenriched solutions, induced

abnormal permeability to &a not fully explained byN-methytD-

aspartate recept® (NMDARS) activation We also found that the

formation of small amyloid porewas camsistentwith an increased

guantal release afeurotransmitters, able to drive a recept@diated

responsg per se Thus, we propose an innovativeeurotoxicity
PHFKDQLVP IRU DP\ORLG SURWHLQV ZKHU
SHUPHDELOL]DWLFPGIGDQWHROBHBSHIWRBUIPYV FRHJI

1



Introduction
Biological systems evolved elaborate mechanisms to ensure

correct protein folding or otherwisietection/degradation of unfolded
proteins, to prevent any cellular hafn This is especially true
considering the extent of the human proteome, estimated between
10000 and several billion of protefns

The most intriguingability of all living systems is to self
assemble complermacromoleales with precision and fidelity.The
hative staté of proteingfully folded proteinskorrespondto the most
thermodynamically stablstructures under physiological conditiond.
has become cledhat he foldingis a stochastiprocesswvherenative
proneinteractions between residyed the primary proteinare more
stable tharthosenat-native-prone consequentlythe polypeptide chain
canautodetermindts most stabletructuge®. In vitro, during transitions
from random coil structures to the native stHieresidueinteractiors
within the polypeptide main chain may bemodelized using
computationachemicaldynamicssimulation based ordata obtained
in vitro by X-ray diffraction and NMRspectroscopyThe %nergy
landscapé of these interactionsrevealed that in physiological
conditionsonly a small number of all conformatioisspossibleby any
given protein molecule This is why proteins fold rapidly and
efficiently®®.

In vivo, folding occurswhile the rew-bornpolypeptidechain is
still attached to thebosomeor in specificcellular compartmentsuch
as mitochondriaor the endoplasmic reticulum (ERginally, native
proteinsare transferred towards their destinatidoy trafficking and
translocation through membrang&ig.1). Sinceincompletely folded
proteins inevitably expose the solvenat least some regions tie
structure normally hiddenin the native state, they are prone to
inappropriate interaction with other molecules within the crowded
environment ofthe cell. Living systems havéeentherefore evolved
strategies to prevent such behaviéur
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Figure 1- Protein folding mechanisms toward the native stafaker
from Dobson 2003

Molecular chaperonscontain cavities where unfolded
polypeptide domains undergo foldingpward their native structures
protected from the outside wotflf. Moreover,the folding catalyst
accelerate the slow steps of the process (like-tEns isomerization
and formation/reorganization afisulphide bonds}. These proteins
protectagainsicompeting reactiongarticularly aggregatian
All these Yuality-control” checls, enabé correctly folded proteins to
be distinguished from misfolded oléthat have to be degraded by the
ubiquitin-proteasome systéf(Fig.1).

Despite primary peptide sequencéise misfolding process
often results in a seissembling behavim and thus in the aggregation
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of small soluble oligomers sharing conformations and dimensions. In
the early stages ofighprocess, a dynamic range equilibrium is achieved
between small unfoldedRandom coiled) and intermediate folded
aggregategdisorderefl (Fig.2). These metastable structusgnamed

as prefibrillar oligomers (PFOs) As the oligomerization move
IRUZDUG UDQGRP FRLOHG VWU XJh&tXUHV
conformation andProte andinsolubleMature Fibres (PFs and MFs)
appea. This happenafteralag phase, whose duration is depending on
protein concentration, ionic strengtbH and temperature. Updhe
IRUPDWLRQ Rshdet ¢ote| aygregation is adteterminedand
thefibre elongation proceexfast.
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Figure 2 - the amyloid aggregation pathwayaken from Dobson 2003
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These aggregatdsave beendefinedas 3 D P\ O Rihdgthey
resemblesome properties dhestarch (amylose}heoptical redshift in
the light absorption of the Congo red dybe characteristic green
ELUHIULQJHQFH XQGHU SRODUL]JHG -OLJKW
structure in Xray diffraction Bectron microscopyAll these features
are generallyequiredto be poperly described as amyldfd

A range of debilitating human diseases is associated with
protein misfolding*%8, including several neurodegenerative diseases
like $O]JKHLPBNYNLQVRQ§uzfeldtdkkdb spongiform
encephalopathieand type Il diabetes eachone is associatedvith
plagues and aggregatef specificmonomers 16 (Amyloid 7D X
Synuclein, Prioff V 3 URR) L Q

The ability of polypepide chains to form amyloid structures
seems to be a generic featafeverypolypeptide fibrils can be formed
in vitro by denaturingwith heat or chemicalany known proteinsor
polypeptide such asmyoglobin and polylysineg**'”. Under certain
conditions the protein unfadd at least partiallyexposingspecific six
amino acids longlement& Theseamyloidogenic segmentstightly
interactwith the sameounterparbn anothenativeproteint?, inducing
D ORRS RI BigoRiwgH & Qrficéss named seedit®. The
nucleation event may b@re,but once it startst never end$. This
aggregatingharacter it is supposed to be the default belagbeach

DQ

protein LQ DEVHQFH RI DQ\ VWDELOL]DWLRQ PHFKEL

RI SURWHLQV’

Calcitonin (CT), is a 32 amino acid polypeptide hormone,
secreted in the ultimpharyngeal body of the fi$handthe thyroid of
mammalswith a pivotal role in the blood calciumaintenanceand
bone homeostasidt was also usd in the pastfor the therapyof
osteoporosf. CT displaysthe tendency to seHissemble in the
amyloid patterf*?. Among CT variants, salmon Calcitonin (sCT),
present the lowest aggregation fatgust to give insighthehuman CT
lag phase is 21 hours (1mg/n#2°C in 50mM Tris/HCI buffer, pH7.4),
for the sCT irthe same conditions is above 8 maéhth



This appealing feature all@wsto investigate the effects of native sCT
PFOs in the early stages of neurotoxicityithout any chemical
stabilizatbn procedureincluding for 3 3 K RiviiuRed crosdinking of
unmodified proteins” PICUP), as well as the possibility to gahew
insightin the early mechanisms of neurodegeneration.

It is nowacceptedhat the intracellular Caelevationrepresents a
common mechanism iamyloidtoxicity leading cek todeat?%. Up to
now, two paradigmbave beemxploredin the literature to explain the
observed CH-influx upon PFOs administration arttie following
toxicity?;

i) WKH 3PHPEUDQH SHUPHDEWereiieWLRQ ™ K
interactions between oligomers and lipid membranes
expressing monosialogangliosi@1 262° resuls in
membrane leakage tire formation oporelike structures,
increagng permeabilityto electrolytes®®L Shafrirand ce
workers,based on transmission electramd atomic force
microscopydata simulatedin Molecular Dynamicsthe
formation of stable amyloid por&s
Very recently Bode and colleagues demonstrated ion
FKDQQHO IRUPDW LR Qigbe@Xatnd bz \ $
SEGCpurified Monomers ira cellular patch ofmembranes
excised from HEK293 cell liné3,

i) WKH SBUHPHEWRMHG® K\SRWKHVLV ZKHI
oligomer modulation of Ca permeablechannels such as
n-methytd-aspartate receptor NMDARS) or voltage
dependentC&* channels(VDCC), leads to an abnormal
intracellularCa* elevatiord*. Several groupstressedhe
UHODWLRQVKLS EHWZHHQOMBARSROLJRPH
mediatecexcitotoxicity?>¢ Peters et al. demonstrated that
$ -evoked currents in ippocampal neurons are
proportional to neuronal NMDARKexpressioff. amyloid
oligomers can elevate intracellular “Ga through a
signdling  pathway depending upon  specific
Ca&*/calmodulin  protein phosphatases postsynaptic
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densitie$*®” (PSD. Other groupsreported that, in
KLSSRFDPSDO QHXURE vnmstabBtiOdicI RPH UV
glutamate receptofs (mGIuRb5), resulting in the activation

of INK, Ck5 and p38 MAPK pathways*#4°. Moreover,

it has been also suggested timdibition of thelong term

potentiation (TP) ZRXOG EH D FRQVHTXHQFH
oligomers interference with glutamate synaptic reuptake
mechanisrft. Notably, it is well known that the €a

channel occurrence is correlated to the ligifts and then

to the GM1 expression.



Aim of the work

During my PID project we used sCT as a tool to investigateahdy
molecular mechanismsderlyingamyloid neurotoxicityAccording to
literature we aimed to clarifythe receptorsmediated and pore
mediatedeffects and their relatioship with GM1-lipid-rafts
expression Thereforewe planned the following experiments:
1. In neuronalinegcultures characterized by increasing degree
of differentiationand thus in GMlcontent(HT-22, HT-22
DIFF, HpC 6 DIV, HpC 14 DIV ZKHUH ',9 VWBEnV IRU 3G
Y L W, Wé&assessethe effects of native sCT PFQ®&spect to
Monomerenriched solutions, in terms of intracellular?Ga
elevation cellular viability, synapticprotein expressionL TP
impairment

2. We aimed to demonstrate the amyloid pore formation
excised patches of membrane from primary hippocampal
neuronsmeasting in insideout patchclamp recordings, the
transmembraneurrentselicited by native sCT PFOsand
Monomerenriched solutionsat a singlechannel resolution, as
compaed tothose seen with known ionophores

3. In voltageclamp experimentave evaluatel the effects of sCT

PFOs and Monomers otthe spontaneous quantal release of
neurotansmittersin primary neurons from the hippocampus,
by recording spontaneousniniature excitatory postsynaptic
currents (lEPSQ.

Our result® strongly indicatethat native metastable sCT PFOs
induced neurotoxic effects whoseamplitude correlates withthe
differentiation degree of neuronal cultures, while Monomers were
always ineffective

The samealatadisagree withthe idea thabligomersdirecly have
effecs on receptors becausdso monomers should drive toxicity
otherwise even if at lower level9On the other handsCT- and other
amyloid-PFOsappear to behave in the same common way mediated by
NMDARSs, therefore we askowit could be possible to drive receptors
or channels so specificaliyhroughvery differentprotein sequence
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WKLV LV QRW H[SHFWHG &RQVHTXHQWO\ D F
QHXURWR|[L F L Wasédbir tkebiperaé tivns of these aggregates
with lipid membranes but independent on their specific sequence,
might exists.
Moreover we show that PFOsffectsmight be corelatel to neuronal
membrane permeabilization and possbly to an increased
neurotransmittequantal release
Thus, we propose for thdirst time, a possible mechanism
ZKHUH ERWK 3PHPEUDQH SHUPHPHIGOADWWGRQ"
paradigms could contribute to explairetamyloid neurotoxicityWe
speculate that in mature neurons PFOs, but not Monomers, may induce
initial membrangpermeabization that triggers a subsequent abnormal
guantal release and consequentlyNMIDA Rsmediated CH-influx,
leading to the observed LTP impairment and neurotoxicity



Results

Sample preparation and characterization.

Native sCT solution waprepared by incubating 2 mg of lyophilized
sCTin phosphate buffer (5 mM) at room temperature overnight. We
previously demonstrated that, under these conditions, the formation of
PFOs was facilitateth respecof MFs*. To purify oligomeric species
enriched fractions, the aggregated and native solution was then loaded
in the SEC columti. The SEC profile of sCT spontaneously aggregated
mixture is presented in Figa3The absorbance profile, at 280 nm, of
the SEC fractions, is characterized by a peak aroufidfi2@tion
(Ve=24.65 mL), followed by a prolonged taiAccording to the
calibration standards elution profile (Fig.3b), the peak (6450 Da) is near
a dimer. The prolonged tail on the right is because Mono(B34G0
Da)are uniformly distributed over fractions at a vy concentration.
Consequently, we prepared Monoresriched sCT solution by
dissolving the powder in desalted water just before treatments, at
concentration of 80 pMlike t

he 29" fraction concentration), since the aggregation dynamics depends
upon bnic strength and concentration.
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Figure 3 +(a) The Size Exclusion Chromatography elution profile of
the spontaneously aggregated sCT sampihemain peak, relative to
PFOS, can be observed around 29th fraction corresponding to
Ve=24.65 mL(b) the calibration regression givder the 29th fraction

an MW=6450 Da, which is aboutnssCT dimet2
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The characterization of theollectedfractions, from the SEC
peak anchative Monomersenrichedsamples, has been obtained after
the PICUP procedure followed by tricine SBFRAGE (Fig.4a).
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Figure 4- (a) the Tricine SDSPAGE characterizatiorof the peak
fractions (b) the Gel lane densitometry of the 28,29,30 and 31
fractions (\é=23.80, 24.65, 25.50, 26.35 mL&nriched in trimers,
tetramers and hexamers, compared twative Monomersenriched
sample containing alsdimers and trimersM: monomers, D: dimers,
Te/Tr: trimerstetramers, Ppentamers, EHexamers(c) the Average
molecular weight index and PFOs percentage index for tfidrastion
reported in table 4.

In the case of PFQO@ractions 29 and 30, the gel analysis
demonstrated an upwardhifted pattern as comparedheMonomers
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sample, where dimers and trimers were also present. A strong
enhancement of the aggregated species, such as tetramers, pentamers
and hexamers, was observed.

To betteranalye this trend, based on Gel densitometry (Fig
4Db), we calculated two indexes: i) thgerage Molecular Weight index
(AMWI); i) trimers+tetramers+pentamers+hexamers percentage
(PFOs%) for PFOsenriched fractionsand Monomerunfractiorated
samplessummarized in Table*d

Tablel- gel densitometry characterization of the SEC peak fractions.

MW
(KDa)
Monomer FR.28 FR.29 FR.30 FR.31
S
20,6 Hexamers 22,54 740,16 1828,% 1685,06 308,%
17,2 Pentamers 328,21 1885,18 4660,79 5099,96 898,06
A Tetramers 4129,91 4630,38 6919,B 8523,51 1933,@
Trimers
6,8 Dimers 7519,91 5516,98 3582,10 4828,81 1994,74
3,4 Monomers 15215,90 15417,4 6834,4 9432,£2 4134,93

PFOs% PFOs% PFOs% PFOs%  PFOs%

16,5 25,7 56,3 51,8 33,9
AMWI AMWI AMWI AMWI AMWI
5,8 6,85 10,43 9,79 7.8
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Results relative to the #&nd 3¢ fractions (\é=24.65 and 25.50 mL
seeFig. 4¢ and Table)l gaveAMWi=10.0 KDafor sCT PFOs, which

is close to trimer molecular weights (10.2 KDa), whiWi=5.8 KDa

for native unfractioated Monomers, which is between Monomer and
dimer molecular weights (3.4 KDa and 6.8 KDa, respectively). The
percentages of trimers, tetramersntaenersand hexamers rises from
about 16.5 % for Monometo 56.3 % for PFOsenriched samples. We
noticed that, even if monomeric species were overexpressed in the
Monomerenriched samples, dimers and trimers were always present
(Fig. 4a).

We would like to underlinethat, by using sCT we did not obtain
aggregates of molecular weight higher than hexamers. As reported
earlier, unlike other members of the amyloid family, sCT presents a
very low aggregation rate with the longest aggregatioiplege among

CT varianté®. This raises the possibility to produce stable RFOs
enriched samples made of known aggregates to be tested directly onto
thecells.
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Figure 5 *High-resolution EFTEM images relative to PFOs (29
fraction) and Monomers. (Bar 50nff)

The EnergyFiltered Transmission Electron Microscopy (EF
TEM) micrographs relative to the central fraction{Zaction) of the
PFOs peak, together with images relative to the Mon@ansdched
sampleare presented in Fig. Blotably, PFOs appeared as particles of
10 r3 nm, not perfectly spherical and sometimes characterized by well
defined or incomplete hexagonal shape. Few bigger particles were also
present. Converselythe image of the Monomerenriched sample
revealed the presence of very small dots of abadt r8m, likely
Monomers, together with clusters of few dots, dimersd trimers
(means of maximum diameters of more than 30 particles per sample

type).
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PFOs administration to cellular cultures.

Intracellular Ca 2*-influx.

We compared the effects inducddy sCT PFOs and Monomer
enriched samgs on internatalcium (Ca*)i) in 14 DIV hippocampal
neurons. PFOs enriched fractions induced an elevateti]i[@ae,
which was maintained after 10 minutes, while sCT Monomers resulted
in a fast transient of CGainflux peaking in a minute, coming back to

the baseline after 10 minuté=ig. 6).
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Figure 6-FURA2AM calciumimagingin 14 DIV hippocampal neurons
(n=76 cells) upon of 8 uM sCT PFQ® Monomersinfusionin the
medium (occurred at zero time)The lar plot represerg the
intracellular calcium elevation valugsnean+SEM), 10 minutesfter

sample administratio®i.

In a previous paper, we reported that the*@#lux was
evoked bya spontaneous aggregatmikture of sCT oligomers in 14
DIV hippocampal neurons, which was abolished by disrupting GM1
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sialic acid heads by neuraminidiéseThus, we hypothesize that
growing levels of this ganglioside would result in theTGancrease.

To investigate if the Cainflux depends on the GM1 content, we
compared undifferentiated HT22 cells, differentiated HT22 cells,
primary hippocampal neuronal cultures from rat hippocampi at 6 DIV
and 14 DIV.It is well known that the GM1 content increases with
neuronal differentition degree. We verified this fact in our cells by
immunofluorescence (Fig.0).

Figure 7 zDifferences in the intracellular calcium elevation induced
by 8 uM sCT PFOs administiedin the bath., in hippocampal neurons
at DIV 14 (n=76 cells), DIV §n=73 cells)as well as in differentiated
HT-22 (n=140) and in HT22 (n=659) cells. Bar plot reesens the
intracellular calcium elevation value€0rrected ratio percentage over
the baselinemean + SEM), after 10 minutés

As depicted in Fig. 7,ignificant differences were obtained
between all groups. As can be obsentbdshape and intensity of the
curves changed with the differentiation degree. The high and sustained
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Ca*-influx of 14 DIV hippocampal neurons was reduced for 6 DIV
neurons. Thehape was maintained in the finsinutes but the plateau
reached in the second part was more than halved. HT22 DIFF cells gave
rise to less intense signals, with a shape very similar to that of 6 DIV
neurons. Finally, we note that undifferentiated HT2Rscshowed the
smallest C&-influx, vanishing after about 6 minutes.

Summarizing, we nated a strong correlation between {Ga
signal maintained after Ifiinutesand cell differentiation degree (inset
of Fig. 7).

To investigate the nature of the Ginflux we pretreated 14
DIV neurons with MK801, a specific blockéor NMDAR and with
Verapamil, avDCC blocker.

é‘\\'
?.
A PFOs c ‘bd\ Qy?
PFOS+VERAPAMIL #2 o ¥ X
o PFOs+MK801 55 T &L F (&F
2L P Q < <
0o N
50 & *
NI E N
P 85 O *
5 N
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Iy = O
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Figure 8 zDifferences in the intracellular calcium elevation induced
by 8 uM sCT PFOs administrated in the bath., in hippocampal neurons
at DIV 14 (n=76 cells), DIV 6 (n=73 cells) as well as in differentiated
HT-22 (n=140) and in HI22 (n=659) cells. Bar plot rapsens the
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intracellular calcium elevation values (Corrected ratio percentage over
the baselinemean + SEM), after 10 minut@s

ResultgFig. 8)indicated that, after treatment with MK801, the
[C&]i increase was reduced to a small and transitory, se@gesng
that the strong and maintained?Cmflux of the 14 DIV neurons was
due to the NMDARs. Conversely, we found a slight dependence on
voltageactivated C# channels, since their specific blark
(Verapamil) determined only a small decreasahe PFOsevoked
response

We want to stress the similarity in shape and intensity between
the peak obtained with undifferentiated HT22 cells (Fjgand the one
observed with 14 DIV neurons in the presen€MK801 (Fig8) where
NMDARs were inhibited. This similarity suggests that a mechanism
different from NMDAR activation was in part responsible for {{;a
increase. Notably, as pointed out by kfeal, these channels were
missing in the HT22 ceftd To verify this important issue, we treated
both HT22 and HT22 DIFF witkthe agonisNMDA, monitoring the
induced C&-influx. Results clearly showed that Tanflux was absent
in HT22 cells, confirming the lack of NMDARgFig. 9) and
demonstrating that éhsmall peak induced by sCT PFOs must be due to
a different mechanism.
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Figure 9 - FURA2AM calcium imaging in differentiated HA2 vs
undifferentiated HI22 (=76 cells) upon of 10 uM NMDA infusion in
the medium(at time zero) The lar plot represerd the intracellular
calcium elevation values (mearnSEM), 10 minutes after sample
administratiorf?.

NMDA induced a gradual raising of [E& in HT22 DIFF,
demonstrating that, as reported by édal.,the differentiation process
leads to the expression of the NMDARHowever, the shape of the
Ca*-influx induced by NMDA in HT22 DIFF (Fig9) was very
different from that induced by sCT PFOs, lacking the transitory features
occurring in the first minutes and characterized by a plateau value
reached after 10 minutes, of the same intensity of the plateau reached
with sCT PFOs (Figra). This sugests that NMDARs were responsible
for the C&™-influx obtained at the steaghtate, in agreement with the
conclusion drawn in the case of 14 DIV neurons-tpeated with
MK®801 (Fig.8).
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Finally, to investigate the possible correlation betweefi-Ca
influx and GM1 expression, we examined by fluorescence microscopy
the membrane distribution of GM1 in all cell types, by using
fluorescencdabd OHG &7 NQRZQ WR VHOHFWLYHO\ EL
acid heads. In HT22 cells, images showed the characteristic dotted
distribution and the increase of GM1 expression due to differentiation
(Fig. 10 upper panel) while, in hippocampal cultures, GM1 was evenly
distributed throughout the plasma membranes (Eiglower panel)
and the GM1 content further increased upon diffgaéon (lower
panel). We conclude that a correlation exists betweef*@dlux and
GML1 expression.

Figure 10 Immunofluorescence microscopy of the Gidft
distribution in different cell types a@n increasing stage of
differentiation the GM1 ganglioside is specificallgtained by
fluorescenicholera toxin betasubunit (green). Cell nuclei are
counterstained bidoechst 332568 EOXH % DU P
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Summarizing, we provide evidence that sCT PFOs evoked
strong and sustained intracellular?Gmflux mediated by NMDARs
and that this behavim was correlated with the GM1 expressitmthe
absence of NMDARs or with these channels blocked, and with few
GM1 (undifferentiated HT22) a small but detectablé*@zflux was
still observedf.
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Cell viability.

To clarify if neurotoxicity is correlated to the aggregation state
of sCT, we studied the dosesponse relationship of PFOand
Monomersenriched solutions in HT22 DIFF cells, after 24 hours.
Results clearly showed that only PF@wiched solutions inded cell
viability reduction (about 10%) while Monomeesriched solutions
were harmless (Fid.1).

Figure 11- Doseresponse relationship of tleellular viability induced

by sCT PFOs (red) and Monomers rich solutionblack) in HT-22
differentiated cells. Cellular viability was evaluated by MTT assay and
expressed as the percentage over controls (meSEM). Then
sigmoidal regression was calculatéd

Notably, the same result was obtained with 14 DIV
hippocampalneurons (Fidl2). Based on these results we decided to
perform all viability experiments at 8 UM concentration. We noticed
that cell viability reduction depended the cell differentiation degree.
As reportedn Fig. 12c, it was higher in hippocampal news (about
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25%)thanin+7 ',)) 1RWDEO\ XQGLIIHUHQWLDWHG
reach significant toxicity.

Figure 12 - Cell viability (MTT assay).PFOs but not Monomer
enriched solutions reduced cell viability in both .(a) 14 DIV primary
hippocampal neurons (CTRL n = 20 wells from N = 4 experiments,
Monomers n = 17 wells from N = 3 experiments, PFOs n = 31 wells
from N = 3 experiments) and (b) HTERFF cells (CTRL n =51 wells
from N = 9 experiments, Monomers n = 14 wells from N = 4
experiments, PFOs n = 192 wells from N = 38 experiments), after 24 h
of incubation. (c) This effect depends upon the cellar differentiation
stage (thus in GM1 expressjand fade in undifferentiated HT22 cells
(CTRL n = 135wells from N = 25 experiments, HT22 n = 194 wells
from N = 8 experiments, HT22 DIFF n = 192 wells from N = 38
experiments, HpC 6 DIV n = 31 wells from N = 3 experiments, HpC 14
DIV n = 31 wells from N= 3 experiments)CTRL is relative to the
untreated specific cél

Finally, we noted that the loss of viability was not time
dependent, since after 10, 100 minutes and 24 hours of treatment, the
same reduction was observed in 14 DIV hippocampal neurons (Fig. 4c).
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Figure 13- Cell viability (MTT assayjvas reduced even after only 10
min of incubation with PFOs with 14 DIV primary hippocampal
neurons (CTRL, 10 min, 100 min and 24 h n = 10 wells from N = 3
experiments). CTRL is relative to the untezhspecific cell (a&l) while

LQ E WR FHOO NLQG QRUPDOL]JHG WR
SYHKAWVWOMWDWH® VDPSOHYV

Therefore we investigatedwhether a correlation exisd
between the [CG4]; increase andeductionin cell viability. In good
agreement with the Cainflux experiments, MTT results clearly
showed a direct relationship between cell differentiation and/or GM1
expression and PFOs induced neurotoxicity. As in the case?f Ca
influx, before PFOs administration we greated our cell cultures with
MK801 and Verapmil (Fig. 14)
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Figure 14 - Cell viability (MTT assay) demonstrates that the Ca2+

channel blockers (MK801 and Verapamil) were able to protect against

the PFOs neurotoxicity (CTRL n = 15 wells from N = 3 experiments,
Monomers n = 12 wells from N = 3 experiments, PFOs n = 40 wells

from N = 3 experiments, MK801 + PFOs and Verapamil + PFOs n =

11 wells from N = 3 experiments). #) while in (b) to cell kind
QRUPDOL]HG WR 'LWK SFRQWWEBBDWHGLQV
sample®
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In agreement with C&influx results, we found that these
blockers fully reverted neurotoxicity. This indicates a direct
relationship between neurotoxicity and levels off;aeached after
10 minutes and mord.o confirm that the reduction of cell viability
observed with MTT assay was mainly due to the reduction of neuronal
cells instead of glia, we performed immunofluorescence analysis and
TUNEL assay of PFOs treated hippocampal cult(Fas 15)

Figure 15- The treatment with sSCFPFOs induces apoptosis primary
hippocampal cultures. Hippocampal cultur@sDIV 14 werammune
stained for NeuronsNeuN red), apoptosis was evaluated lifie
TUNEL assay (green). After treatment with PF@® observed an
increase in apoptotic nuclei that appear tolocalize with NeN
(arrows). The second row is at higher magnification. Nuclei were
counterstained with Hoech88258 (blue?.

Results showed reduced expression of NeuN positive cells,
indicating that the damaged cells were neurons. Moreover, the
colocalization otheNeuNandthe TUNEL assay confirmed that PFOs
treatment induced apoptosis in neurons.
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Acute PFOs administration to brain slices.

Synaptic plasticity. Over the last decades, the link between oligomers
neurotoxicity and synaptic plasticity impairments véaa been
investiJ D W H G 8$RYP+%1587 As well known, A is an unstable
protein and, in agreement with Beniloea al, the sample changed
along different preparatianaking interpretation and direct comparison
of data between different research groups véificdlt®. At present,
any attempt to test the effects of amyloid native PFOs saadle
ORQRPHUV GXULQJ WKH H[SHULPHQW RQ V\QD:
obtained yet. Herein, we investigated the effects of native samples, as
intended in theintroductior?*, on synapticplasticity. PFOs and
Monomers were diluted in carboxygenate Artificial CereBmnal
Fluid (ACSF) at a final concentration of about 3 uM and used to
superfuse mouse hippocampal slices.

sCT PFOs=enriched samples fully abrogatedd TP in
hippocampal slices, 80 minutes after tetanus, while native Moromer
enriched solutions did not affect LTP even when compared to control
(Fig. 16). Interestingly, LTP reduction in the casEsCT PFOs was
very similar to thate S R U W H & Hdwvelve$ for the first time to our
knowledge, we report significant differences between effects induced
by sCT native amyloid PF@and Monomeienriched solutions.
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Figure 16 - Long Term Potentiation results. (a) shows spectra relative

to LTP induced in hippocampal brain slices by sCT PH®s 6) and
Monomerenriched solutions (n = 6), compared to untreated samples

(CTRL) (n = 6). The black arrow represents the sample agtration

while grey arrow the tetanic stimulation (signals are reported in the

inset of a). (b) shows the level reached after 80 min from the tetanic
VWLPXODWLRQ :LWK 3FRQWUROWHK L Q@ WWMHSEH VY
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Immunofluorescence and/Nestern blotting for synaptic proteins.to
evaluatewhetherthe altered activity of LTP was correlated with an
impairment of synaptic structufé$®and loss of dendritic spin€swe
studied the expression of a pivotal psghaptic protein such d@ost
Synaptic Densities rpteinr95 (PSD95 and the presynaptic
synaptophysin, a component of synaptic vesjclessing
immunofluorescence confocal microscdiyg. 17) on the same brain
sectiongecorded in LTP.
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Figure 17-Pre-and postsynaptic immunolabelling of treated
hippocampal slicestevealed thasCT PFOs reduced PS8b levels
(red), leaving synaptophysin expressiaimost unchanged (green)
Nuclei (blue) werecounterstained with Hoechst 3325&rrows

highlight, at 40x magification, a significant loss ifrPSD-95 positive
dots following PFOs administration, while treatment wikhonomer

enriched solution let postsynaptic densities almost unchdfged

The mmunofluorescence showed a loss in FESDpositive
presynaptic structuresoncerningcontrols, while the synaptophysin
signals vereunmodified.

To better analze this issue, we performed WB analysis on the
same hippocampal slices incubated with sCT PFOg$9.(A8), to
guantify protein expressionResults demonstrate@ significant
decrease in the PS8b expressiomespect to untreated slices (Figb).
Under the same conditions, the levels of synaptophysin remained
unmodified (Fig.18c).

Notably, in agreement with LTP results, our findings showed
that the treatment with sCT Monorrenriched solutions did not
modify the levels of these proteins (Fig-18).
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Figure 18 (a) representativedVB analysisin hippocampal slices
treated with sCT PFGsor Monomerenriched solutionsBar plots

represent mean + SEM fron¥4 independent experimerdassessing
(a) PSD95 expressionand (b) synaptophysin expressiorormalized
IRU DFWLQ Idactedspd ldv@TPQI®5is observed after
treatments with sCT PFO§-value < 0.05 Manawhitney U test)but

not with MonomersWhile any significant differenda synaptophysin
expressiorwas obtainedagainst controlsWB analysiconfirmed the
results obtained withmmunofluorescence analy&is
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Inside out- patch-clamp recordings

To evaluatewhethersCT PFOs administration would result the

amyloid pores formation®* we performedinsideout patchclamp

recordings(Fig.19), in voltageclamp mode,on membrane excised
from primary hippocampal neurons this configurationit is possible
to analye, at a very highsignal to noise ratipcurrents arising from
ionic channels or porkke structures, witha 3%inglechannel

resolutiorf.

Figure 19- excised patcitlamp ininside-out configuration. Once the
giga-ohm seal is achieved, the patch pipette is slowly retracted from the
cell, resulting in the formation of a small vesicle. Once the pipette tip is
exposed to the air, the outer portion of the vesicle rapidly bugak
Then the jpette is soaked again in the bath, exposing its intracellular
side toward the external solution. Modified frém

As expected n normal conditionspisideout patch of neuronal
membranes displays the activation of severalendogenous
conductancg at a singlechannel resolution,displaying voltage
dependence arspecificgatingpropertieqFig. 20).
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Figure20- 3VLQBFR B Q Q H O’ rdeotrtdetfidr@an Bikcised patch
of neuronal membranes, evoked upon depolarizing steps of voltage
from-30 to +90mV.

First, we blocked tbm, adding specificdrug blockers in
extracellularsolution (1uM TTX, 10mM TEA, 100uM Bicuculline,
10uM CNQX, 100uM APV), to obtain currentesponsesndependent
from endogenous channels activations

Then, &cording to the protocol of Bode andlleaguespatch
pipettes were backfilled withthe same symmetricadolution (see
methodsxontainingsamplesgCT PFO®r Monomersat 8uM. In the
pipette, amples were free to diffugacing the extracellular side of the
excisedpatch Transmembrane currents were measyfd. 21) by
clamping the patch at a series of voltage potentials bet8eand+60
mV33, This sweep wapeatedneaminute for about 5@mes While,
in samplefree experiments (CTRL), tteansmembrane conductasce
remained steady alongth the trials, in the case of sampleackfilled
patches, fher a variable lag of timspanningfrom 5 to 10 minutes
increasedransmembraneonductanceoccurredand weremaintained
througlout the experimerst In all casesR-series was alwaysnder

oY
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Figure 21- transmembrane currents froam excisednembrangatch

in insideout configuration. Patch of membrane were clamp&ti a
seriesof voltage potentials whose amplitude in mV was®0,++40,
+20,0,-20,-40,-60, 0.Pipette tips were filled with about a millimet
ofanextracellular solution containing drug blockers, free from samples
to gain a time delayor sealing and excisinthe patch. Pipettes were
backfilledwith the same solution added wilonomers lflue traces)

or PFOs (Red traces)at a final concentration of 8 pMor with
Amphotericin B (Magenta trace$b0 pug/mL.

As depicted in Fig21, sCT PFOs administration resulted an
doublingof thetrangnembrane arrentswith respect taCT Monomers.
To get a better idea of what we found, vepeated the experiments
using thewell-known ionophorémphotericinB (150ug/mL) instead,
as a positive control'he effects of Amphotericin B were about 10 folds
higher respect tthose seen witiMonomers and PFQ&$-ig. 22). The
trial duration vasabout50 minutesthe last 18racesf the experiments
were averagedand plotted against the respective voltagbey were
clamped Notably, all these currents presented a linear volageent
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relationship(Fig. 22). Conductances dhe poresobtained fronthel-
V relationshipslopes, wereexpressedh pS[1S=1A/1V].

Figure 22 - currentvoltage relationship for an excised patchof
neuronal membranes. Average transmembrane stestahe currents
were correlatedwith respectivevoltage potentialsLinear regression
was applied to dataControls (black traces)ylonomers (blue traces)
PFOs (Red traces)and Amphotericin B (Magenta traces)
Conductancswerecalculatedas the slope of the linear regression and
expressed in pS

Although these last results are preliminary, together all this
body of evidencagres with the idea that PFQdrive the formation of
small Jamyloid pores” with very low conductances.
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Spontaneous miniature Excitatory PostsSynaptic Currents.

Mature neuronal cultures make thousands of mutual synaptic
connections During active transmission, synaptic vesicle are
synchronously released from presynaptic endings by the activation of
voltagedependent calcium channgl®llowing the action potential
arrival. On the contrargtresting conditiongieurotransmitter releas
follows a stochastic routé’herefore for each synapsé is very likely
thatsome quanta of neurotransmitteight bereleasedalso atrest

The smallcurrents evoked by these spontangousleased quanta on

WKH SRVWVI\QDSWLF QHXUR &Xcitatbry FostQDPHG 3
SynapticCXUUHQWV™ P(36&V RU 3PLQLVINDQG FDC(
absence of any other stimulatjdsy patch clamping the postsynaptic
neuons(Fig. 23) in whole-cell mode(Fig. 24)
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Figure 23- Schematic ofminiature Excitatory PostsynapticCurrents

(mEPSCsYecorded froma cultured hippocampal neurorror each

synapse(dots alongwith soma,axon and neurites)a spontaneous
release occursin the presynaptic termingl at resting conditios.

Three presynaptic afferences are depiciedreen, blue and yellaw
Once a single quantum of neurotransmitéblue dots in the inset3

releasedand reaclesthe postsynaptic terminal miniatureExcitatory

PostsynapticCurrent, flows through the activated recepwmto the

postsynaptic ngrons. Theseminiature currents can beneasued by

patch clamping the postsynaptic neurpatthe holding potential.

Figure 24- Once the gigaohm seal configuration @chieveda dee
pulse of suction allows to break the patch and to go into the

cell configuration. Now,all the transmembrane currents
measured by the patch clamp pipette, while the cell is clamphke
selected holdingotential.Modified from*

Since mMEPSCs are very smallrrents (typically 10 pA)hey can be
masked by the occurrence aitconcomitanactionpotential orwaken
by the activity ofinhibitory synapsesThus to recordmEPSCsan
action potential blocker (i.e. tetrodotoxiruM), as well as &ABA-A
receptorsinhibitor (i.e. BicucullindO pM) must be added in the
medium.Generally, he magnitudeof mMEPSCsis proportional to the
number of quanta releasadd to the number of reptors that can be
activated from that neurotransmitteut this is trueonly in the
absence ofongterm potentiationeffects thus with the purpose of
successfully record mEPSCs in glutamatergic neurons aisdisitor
of NMDARS need to be used.
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Based on the idea that PFOs administration would result in
neuronal membrane permeabilization, we asked whether this membrane
leakage might be responsible for the synaptic strength impairment, seen
in LTP experiments and intracellular calciuralevation, via
unbalancing of the neurotransmitters release mechanisms.

To address the effects of amyloid pore formation onto the basal release,
we performed recordings of the spontaneous mEBPS8K the same
neuronal cultures in contratonditions and following sCT PFOs
administratiorin the bathAs depicted in (Fig. 25), &foundthat PFOs
induceda deep alteratioin amplitude and frequency spontaneous
MEPSG, demonstrating a clear effect on synaptic release.

Figure 25 spontaneous mEPSG@h primary hippocampal neurons at
14 DIV, before black trace} and after Red tracep sCT PFOs
administration in the bathwholecell recordings were made ithe
presence ofiyM TTX,10 uM APV and50 pM Bicuculline. Neurons
were clamped athe holding potential After 10minutes of adaptation,
PFOs were administered in the bath.
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We speculate that a sustained/ abnormal quantal release would be
responsible fothe synaptic failure, hence in LTP depses.

To date, heseastresults are still in progresbutif confirmed
this data could produce tHimal proof of a newamyloid neurotoxic
mechanism where amyloid poresmationdrives the unbalancing of

neurotransmitter release and FRQVHTXHQWnedi@dt\ORLG
HIFLWRWR[LFLW\"
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Discussion

Our resultgprovedthat sCT was asefulcandidateo prepare
native PFOsor Monomersenriched samples withoahy stabilization
procedurd Due to its very low aggregation rate, PFOs samples were
stable during experiments and rich in aggregates not greater than
hexamers. These properties allowed us to overcome difficulties
highlighted by Benilovaet al. in the identification of the amyloid
structures responsible for neurotoxiéityMoreover, the sCT PFOs
morphology and, more important, the biolagieffects they induced
ZHUH YHU\ VLPLODU WR WKRVH YHSRUWHG IRU

We demonstratédthat native soluble sCT PF@igh samples,
composed of tetramers, pentamersd hexamers but not species of
higher molecular weights, were able to indacgistained Ca-influx
in cells expressing GM1 lipRAFT (Fig. 7 and Fig. 10. Moreover,
we foundthatin each cell typethe steadystateof this C&*-influx was
relatedto themagnitudeof GM1 expressiojthough theion influx was
dependent on multiple mechanismqmainly drivenby the activation of
NMDARSs® and in a lesser wapy presynaptic voltageependent
calcium channelqFig.8). Notably, GM1 and NMDARs expression
seems to besomewhatcovariant This makes sense sintkee more
NMDARSs are expressed, the maezeptorgecipientstructurefGM1
positive lipid-RAFT) are needed in the cellular membranes
Interestingly, when NMDAR were blocked by MK801in 14 DIV
neuronsa smallresidual NMDARindependent componentf Ca*-
influx was still observed (Fid). In our opinion, this component could
be consequentto the formation of amyloighores. We base this
hypothesis on our data relative to undifferentiated HT22 cells Tkig.
As shown by Heet al, these cells do not express cholinergic and
glutamatergic recepts, and in particular NMDAR?2 We carefully
verifiedthis pointby treating cells with NMDA and obséng any C&*-
influx (Fig. 9). PFOs were able to induce a’CGimflux transitory peak
even in undifferentiated HT2But the steadgtate value of this calcium
influx rapidly come back to the baseline (Fig. B).these cellswe
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found a poorbut significantexpressionin GM1-lipid RAFT, even in
absence of NMDAR$OnNthe other hand, in primary neurahgsteady
state magnitude of #residual component obtained with MK801 was
higher; because neurons are expressing much more tBkbffering
more nucleation siteo the PFOs produéng many more amyloid
pores Finally, voltagedependent calcium channels activatialso
implies possible presynaptic effectdl these observatiorsgreeto the
hypothesis that the observed 2Cimflux could be consequent to
amyloid pore formation.

Several groups proposed thiae presence of GM1 is necessary
for pores formatiot¥>>%’. Here we report that undifferentiated HT22
cells expressed low but detectgliéels of GM1 (Fig10). Therefore
we hypothesize that in these ceallfew amyloid pores can be formed,
determinirg a weak and transitory Cainflux, which is insufficient,
per seto affect cell viability (Fig.7). Notably, wefoundthe same peak
in 14 DIV primary neurons prireated with MK801, where NMDARs
were blocked (Figg).

It is worth noting what happened working with HT22 DIFF
cells, which expressboth higher leve$ of GM1 (Fig. 10) and
glutamatergic receptd?{Fig. 9). In this situation,te C&™-influx was
more than doubled in intensity and remained sustained beyond 10
minutes (Fig9), enoughto induce a significant (about 10%¢crease
in cell viability (Fig. 11).

In agreementwith this hypothesiswhen primary neuron
cultures 6 DIV, 14 DIV) wereanalyed high GM1 conterst(Fig. 10)
led to the formation okeveralamyloid pores, enough to boost up the
abnormal activation of the NMDARgreviously described in
differentiated HT22 cells. In 6 DIV andhorepronouncedin 14 DIV,
the C&™-influx curvesmore than doubled thosbservedn HT22 DIFF
(Fig. 7) and a cell viability reductiowasabout 25% (Figl2).

The crucial role played by GM1 in the formation of amyloid
pores by PFOs, has been recently highlighted bpHo HW D®. IRU $
Furthermore, in a previous papete showed that masking GML1 in rat
primary hippocampal neurons prevents 2'@aflux and toxicity
induced byspontaneous aggregated mixtures@T oligomer¥'.
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However, thepresentresult$® indicate that the formation of amyloid
pores alone is not enough to explagurotoxicityand that NMDARs
must be involved, as suggested by the protection exerted by MK801.
Finally, we note that none of the effects described before was induced
by sCT Monanerenriched samples, containi@gminority ofdimers

and trimers. As proposed by Angelova and Abramov, this can be due to
the inability of Monomers to form stable amyloid pores and to switch
on the pathological C&influx and the consequent neurotoxiéity

Supporting tle pore formation hypothesisve demonstrated
that inthe excised patch of neuronal membranes at 14 DIV, upon the
blocking of endogenous conductances (including NMDARS), only
PFOs while not monomers resulted in the formation of passive
corductances (Fig. 21) showing a linear voltageren relationship
(Fig. 22).

ConcerningLTP experiments, we showed that sCT PFOs
abrogated synaptic plasticity after 100 minutes of treatment while, in
good agreement with neurotoxicity results described befwrpmer
enriched solutions were ineffective (Fig. 5). Similar results have been
reported for aggregates of other amyloid protef#$°5 However, in
our knowledge, the direct comparison between the effects induced by
PFOs and Monomers has been never investigated for sCT.

Interestingly, we provide evidence that cells were damaged
after 10 minutes awell as,after 24 hours of PFOs treatment (Fi§).

This suggests that, in the LTP experiments, also neurons can be
damagedy 10 minutes of PFOs treatmeias well However, neurons

were still alive since they were able to respondo the tetanic

stimulation producing population spikess Angelova and Abramov

shoved, 526 SURGXFWLRQ LQ SULPDU\ QHXURQDO
higher after 80 minutesafter oligomer exposure, compared to
Monomer treatme#t We explainour LTP observatinsbecause athe

Ca*-influx mechanism proposed before. In our hypothesis, tinee

Ca&* ions flow into the cellthrough the amyloid porethe unwanted
depolarizationinduces an abnormal neurotransmitter release, synaptic
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vesicle depletion and unregulatedpostsynapticC&*-conductance
resulting in theimpaiment of synaptic transmission and synapse
silencing™. This interpretation is supported by qareliminaryresults
relative tomEPSCrecordings (Fig. 2) and tothe reduced levels of
PSD95 expression in brain slices used in the LTP experiments induced
by sCT PFOs but not by Monomegenriched solutions while
presynaptic synaptophysin expression remained ugelRig. 17).

Since the similarity in the effects describethialiterature with
other amyloid protein aggregatesa common amyloidelated
excitotoxicity mechanismmight exist as proposed by Glabewe
wonderhow it could be possibléo drive, so specifically receptors or
channelsusingvery different proteirsequence? It is worth to note
that, despite their sequenadl, the amyloidsappear to behave ithe
samecommon way.

Belowwe report théwo FASTA sequenc¥ IRU V& 74P QG $
peptides, respectively 32 and 42 amino acids, obtained by UHjProt
with the respective identifiers.

CSNLSTCVLGKLSCELHKLQTYPRTNTGSGTR
CALC1_ONCKE (P01263)esidues: 82 to 114]
AlVV GGVML GIIA GKNSGVDEAFFVLKQHHVEYGSDHREEAD
A4_HUMAN (P05067]residues: 713 to 671]

Legend TransmembranAPP, Hydrophobic polar, Charged

These two sequences, without considering the transmembrane elements
R 1 $.,, are similar in dimensio(82 a.a.for sCTand 30a.a. | RU 1.$

42) andshow a core of about five highly hydrophobic residues enclosed
within two segments of mixed hydrophobic artthrgeddolarmodukes
located in similar positionss wellare very similain the tydropathy
profiles calculated using the Rosemiaydrophobicity scalé (Fig.26).
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Figure 266 WKH K\GURSDWK\ SURILOHwdRed) V&7 EO
residues, DFFRUGLQJ WR 5RMhtRr&sQJ WdrapatbyO H

values are reported as positivewhile increasing hydrophilicity as
negativedefections. Notably, these profilesare very similar.Solid

lines represent thesmoothig trend by local averadng every three

residues

We speculate that this common feature could be the structural
basis from which similar PFOs are formed, characterized by a common
K\GURSKRELF SRODU 3RceoWwnmarvamyightediatEdV LY D W L (
neurotoxicity mechanisnWe stresshis organization based on the idea
that hydrophobiehydrophilic profile, may influence the molecular
dynamics of thénteractiors betweerPFOsandliving membranesThis
interaction takse place actually aswe demonstrated thatggregated
sCT caninteract with the charged head®M1-gangliosidé®*>4% The
UHVHDUFK LQWR WKH VWUXFWXUH RI WKLV FF
techniques combined with molecular dynamics simulations would be
very ugful to elucidate this outstanding similaritg. other wordswe
speculate that this alternation between chdpyedr and hydrophobic
sequences might be pivotaio approach the membraneand
consequentlyto induce toxicity.
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According to the scenario depicted befothe data here
reported herare in general agreemenith theidea thatheformation
of amyloid pores could represent the initial phenomenon able to trigger
the following NMDA Rs-mediated abnormal €ainflux, which leads
to the neuronal impairment and damagé named thiprocessthe
3Amyloid mediatedH[FLWRWR[LFIMg\2Z)SDUDGLJP

Figure 27 £+ S3\WKH DP\ORL-GI[PHWRDWRIHGFLW\" SDUDG
suppose that early amyloid pore formation triggers an abnormal
neurotransmitter release and thus an increased activatidMethil

D-Aspartate ReceptordNMDARS leading to intracellular calcium

elevation, postsynaptic densidisarrangement, impanentof synaptic

strength and abrogation ofLong Term Potentiation Voltage

Dependent Calcium Channels VIICCsy} and NMDARs
blockers/antagonists strongly revert this NMDAR&diated toxicitdf.
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In conclusion, ar results ould be important in the design of
novel therapeutiapproaches, whickhould follow three main routes:
i) avoidng PFOs formation before they might interact with neuronal
plasmamembranes; ii) avoidg the binding between amyloid PFOs
and GM1,; iii) blockng amyloid pores once they were formed before
the NMDA-mediated C&-influx is activated.
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Material and methods

sCT samples preparation by Size Exclusion Chromatography
(SEC). Monometrenriched solutions at 1 mM sCTeve prepared by
dissolving sCT lyophilized powder (European Pharmacopoeia, EDQM,
France) in desalted watefo limiting the aggregation process, the
solution was rapidly frozen and stored-80 °C. On the contrary,
aggregated, native sCT solution was pregdmgincubating 2 mg of
sCT powder in 5 mM, phosphate buffer (PB: PB 5 mM, pH 7.4), at
room temperature overnight. The aggregated and native solution was
then loaded in the SEC column to purify oligomeric species enriched
fractions3. Briefly samples werdoaded inthe Sephadex G5SEC
column (GE HEALTHCARE, Milano, Italyheight: 500 mm, section:

20 mm). Column, maintained at 4 °C was-prpiilibrated at the same
ionic strength of the samples and calibrated with a solution containing
standards: BSA 1lmg (6&Da), CytochromeC 1 mg (12.4 kDa
Combithek Boehringer, Mannheim, Germany), Aprotinin 1 mg (6.5
KDa) and Somatostatin 1mg (1.63 KDa) suspended in 5 mM PB buffer
pH 7.4, and centrifuged at 15700 g x 10 min. Monomeric or aggregated
sCT native solutions (0.BIL aliquots), prepared as desei above,
were eluted in the column monitoring absorption at 280 nm by a
variable wavelength UV detector (BIORAD Econo UV monitor,
Hercules, CA). Fractions collected (Gilson FC 203B, 1.4 mL/fraction)
were administered diedly in cell cultures, to test their effects on
cellular viability and calcium imaging and in hippocampus slices to
evaluate LTP. The final concentrations of sCT fractions uséidese
experimentsvere 0

Photo-induced Crosslinking of Unmodified Proteins (PICUP) and

tricine SDSPAGE Gel characterization Aiming to obtain an

electrophoretic characterization (tricine/SBSGE) of the fraction

eluted, samples were stabilized to prevent oligomers misfolding in a

reducing environment. Weherefore treatel them for PICUP. The

original protocol was adapted by Diociauti et“alBriefly, for each

sample, we prepareda O YROXPH FRQWDLQLQJ 0 20
0 7ULV ELS\ULG\O GLFKORURUXWKHQLXP

ammonium persulfate (SIGMA). Crofisking reaction occurred

irradiating samples for 2 s with a 100 W white lamp in a dark roloen,
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reactonwDV TXLFNO\ TXHQFKHG DGGLQJ O RI UH
FR QW D L QM&DH and boiled for 5 minutes. Samples were finally
analyed by tricine/SDSPAGE. Separating gel: 10% Acrylamide/Bis
(32:1) (ICN Biomedicals, Inc., Aurora, Ohio USA/Fluka, Buchsl)C
spacer gel 6.5 % Acrylamide/Bis and stacking gel: 2.5 %
$FU\ODPLGH %LV )RU HDFK ODQH ZHUH UXQ

O RI PROHFXODU ZHLJKW PDUNHUV- &RORU
SIGMA, cat n° C6214VL). Then gels were stained lfe silver
procedure. Finally, gel band densitometry has been performed using the
imaging freeware ImageJ. For each laagreyscale optical density
profile has been obtained, including molecular weight markers (1.3
KDa, 3.5 KDa, 6.5 KDa, 14.4 KDa, 17.,0 KDa, 2&®a). Peaks
corresponding to sCT prefibrillar oligomers: Monomers, dimers,
trimerstetramers, pentamergsnd octamers e been individuated
according to the molecular weight marker profile. Gel densitometry was
used to compute two estimators, named PFOadéx and Average
MW index, considering the oligomers species that prevalently
populated the fractions. The values were used to evaluate statistical
differences between sCT monomeric and aggregated samples.

Energy Filtered-Transmission Electron Microscopy (EFTEM).
We used a Transmission Electron Microscope model TECNAI 12 G2
Twin (FEI Company, Hillsboro, OR, USA) equipped with a thermionic
gun (singlecrystal lanthanum hexaboride) and energy dispersivayX
spectometer (model Genesis 4000, EDAX Inc., Mahwah, NY, USA)
and postolumn electron energy filter (Biofilter, GATAN Inc.,
Pleasanton, CA, USA). The eneffijered images were acquired by a
slowscan CCD camera (model 794 IF, GATAN Inc., Pleasanton, CA,
USA). Conventional imaging was performed in enefiffgred image
mode configuration anelectron energy of 120 keV, with a collection
angle of about 20 mrad. To enhance image contrast and resolution,
chromatic aberrations were reduced by collecting onlyielactrons

0 =0)61.

Cell cultures. HT22 cells were developed from their analogous HT4
cells, immortalized from primary mouse hippocampal neurons. If

grown without establishing synaptic connections, both HT22 and HT4

50



hippocampal cellscan develop LTR in terms of neurotransmitter
UHOHDVH +7 QHXURQDO FHOO OLQH LQ SUR
express cholinergic and glutamatergic receptors, although HT22 cells

can also be differentiated in a selective medium, changing their
morphology and indung expression of cholinergic markers like

choline acetyltransferase (ChAT), vesicular acetylcholine transporter
(VAChT), highaffinity choline transporter (HACT), muscarinic M1

and M2 subunit of Achreceptors. Moreover, they become susceptible

to glutamée excitotoxicity52,62 ENREF 3 that is mainly mediated by
NMDARs63 via Ca2+influx64, but also by several second messengers

like nitric oxide65, calpaii/poly-(ADP-ribose)
polymerasel/apoptosis inducing factor66, free radicals and
mitochondria67. NMDAR matagonists, such as Dizocilpine (MK801),

can effectively prevent glutamaiteduced excitotoxicity52.

+7 FHOOV ZHUH PDLQWDLQHG DW f&
PRGLILHG (DJOHTV PHGLXP '0(D6546LIPD  $(
supplemented with 10% heiamactivated-BSandkept at less than 50%

of confluence. Differentiation was carried out the Neurobasal

medium (NBM, Gibco, 211039) containing N2 supplement (Gibco

17502048), at least for 248 hours before use.

Primary hippocampal coultures (neurons and glia) hevbeen

prepared from postnatal day-nZouse brain. All experimental
SURFHGXUHV ZHUH FDUULHG RXW DFFRUGLQJ W
JXLGHOLQHV IRU VFLHQWLILFThe[egdrinemal Q WD W L F
protocol was approved by the Iltalian Ministof Public Health
(authorization n. 86/201BR) and was following guidelines of the

European Union Council Directive (86/609/European Economic
Community). After dissection, hippocampi were incubated 15 minutes

at 37 °C, with 0.25 % trypsin (Gibco, 150086) and then dissociated

in NeuroBasal medium (Gibco, 211@9) containing 10% heat

inactivated FBS, 50 pg/mL gentamicin (Gibco, 15T&Y), 1x

Glutamax (Gibco, 3505038). Cells were seeded on-dells plates for

MTT assay or on sterile glass coversliga(neter 12 mm), previously

coated with 1x polL-lysine (SigmaAldrich), in 24wells plates, for

Fura2AM experiments or GM1 evaluation. After plating cell cultures

were rapidly stored in the cell incubator (5% CO2, 37 °C). After 2

hours, the cell culture PHGLXP ZDV UHSODFHG ZLWK
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Neurobasal medium containing 1X B27 supplement (Gibco, 17504
044) instead of FBS. Hippocampal-coltures were used at 6 DIV (not
fully mature culture) or 14 DIV (fully mature culture).

Fura2-AM Ca?" imaging recordings in cell cultures.For evaluation

of the intracellular Ca2+ ([Ca2+]i), 1 mM FuBsAcetoxy Methyl ester
(Fura2 AM, Thermo Fisher Scientifie F1221) stock solution was
prepared dissolving Fura®@M lyophilized salt in 75% DMSO, 25%
pluronic acid (Thermo Fisher Scientific,-F27), sonicated for 5
PLQXWHY LQ GDUNQH2AX sblwWolwas diluled dohD
stock solution in fresh Ringer extracellular solution (NaCl 125 mM,
KCl 1 mM, MgCk 1.5 mM, CaCl 2 mM, HEPES 20 mM, Bslucose

8 mM, 300 mOsm, pH 7.4 with NaOH). Gskeded coverslips were
incubated with FurAM working solution for 50 minutes at 37 °C,
5% CO2 in darkness. After three washestlie Ringer solution,
coverslips were rapidly placed in the cell bath with fresh Ringe
solution on the microscope stage, for Ca2+ imaging recordings. All
recordings were performed in dark conditions. After 2 minutes of
adaptation (baseline), samples from different native sCT fractions were
used to treat the cells, at a final concentratd® pM. fluorimetric
recordings with FurAM were performed along the experiment to
obtain ratiometric measurements of the [Ca2+]i that is the ratio between
the emission intensities measured at 510 nm, stimulated at 340 nm and
380 nm68. One acquisitionas done each 6 secandlong 15 minutes,

on a region of interest in the cellular bodies. Ratios and 340 nm and 380
nm background signals, from tirhepse sequence imageswere
obtained by the imaging freeware ImageJ. Data were plotted by the
software: Micocal Origin 8.

MTT and TUNEL assay in cell cultures.Cell viability was evaluated

by the 3(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide

(MTT) assay; the MTT assay has been widely used to assess cell
viability and is based on the ability efable cells to reduce MTT,

giving rise to an insoluble purple formazan salt. Briefly, the cultures

ZHUH LQFXEDWHG IRU PLQXWHV DW f& ZLWI
balanced salt solution (Life Technologies). The reaction product was
dissolved in dimetyl sulphoxide. The spectral photometric absorbance
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of the samples was determined at a wavelength of 540 nm. The amount
of MTT conversion was evaluated as a percentage of the absorbance
measured in treated cells relative to the absorbance of control cells.
After fixation in 4% paraformaldehyde in PBS, 0.12 M in sucrose,
apoptosis was evaluated in mixed hippocampal cultures by the terminal
transferasenediated dUTHmiotin nick endlabdling (TUNEL) assay
(DeadEnd kit, Promega, Madison, WI).

Long Term Potentiation (LTP) in mouse hippocampal sliceswild

type BALB/c mice aged 6 to 9 weeks were ufglbwing guidelines

and regulations of the European Union Council Directive
(86/609/European Economic Community). All the experimental
protocols were approved by ehitalian Ministry of Public Health
(authorization n. 86/201BR). Under aaesthesia with halothane-(2
Brom-2-Chlor-1,1, L trifluoro-Ethan), the animals werédecapitated,
and brains were quickly removed and placethimcold, oxygenated
artificial cerebrakpinal fluid (ACSF), whose composition in mM was:
NaCl 124, KCI 2, KHPQ, 1.25, MgSQ 2, CaC} 2, NaHCQ 26, and
Glucose 10. The hippocampal slices were prepared according to
conventional procedurgs The hippocampus was rapidly dissected and
slices (450 pum thick) were cut transversely by a chopper (Mcllwain
Tissue Chopper) and transferred into aenface tissue chamber
constantly perfused by a flow of 1.2 mL/min of ACSF and humidified
gas (95% O2t5% CO02) at 384 °C (pH 7.4). According to the original
protocol70, extracellular recordings of the population spikes (PSs) were
made in thestratum pyamidale of the CAl subfield using glass
microelectrodes filled with 2 M NaCl (resistance 5 0
Orthodromic stimuli (16600 mA, 2090 ms, 0,1 Hz) were delivered
through a platinum electrode placed in the Schaffer collateral
commissural pathways in th&tratum radiatum The test stimulus
intensity of 50 ms square pulses was adjusted to elicit a PS ofi\2

at 0,03 Hz. Each minute, a trace was calculated as the average of six
recordings every 10 seconds. After recording stable signat8Q20
minutes), tle hippocampal slices were treated with MonoroePFOs
enriched solutions of sCT, to assay their effects on synaptic plasticity.
PFOs and Monomers were diluted in carboxygenate ACSF at a final
concentration of about(2M: the slices were then superfused.
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After 20 minutes fronthe administration of sCT, a tetanic stimulation
(100 Hz, 1 s) was delivered to induce LTP at the same stimulus intensity
used for the baseline responses. Field potentials were fed to a computer
interface (Digidata 1440A, Axon Instrents, Foster City, CA) for
subsequent analysis with the software PCLAMP10 (Axon Instruments).

Western blot (WB) analysis.+ L S SR F D P S Bthick trandersely
coronal slices were homogenized in extraction buffer (25 mMATris
HCI, pH 7.4, 150 mivWNacCl, 1% Triton %100, 0.1% SDS, 1% sodium
deoxycholate, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 1
mM PMSF, and a protease inhibitor cocktail) on ice for 30 minutes and
centrifuged at 100.000 x g for 1 h, at 4 °C. The protein concentration
was deermined using the Micro BCA Protein Assay Kit (Pierce,
Rockford, IL, USA). Proteins (30 pg) were separated on 12%-SDS
PAGE and transferred to nitrocellulose membranes at 35 V overnight.
The membranes were blocked at room temperature in 3% BSA and
incubatedovernight at 4 °C with the following primary antibodies:
mouse monoclonal arRBSD95, rabbit polyclonal ansynaptophysin
(homemade) and, as a control for protein loading, mouse monoclonal
antr -actin (Santa Cruz). The membranes were washed and taeduba
with the appropriate peroxidatabdled secondary antibody (Biead,
Hercules, CA, USA) for 1 h at room temperature. After extensive
washes in TTBS (20 mM TrisiCl, pH 7.4, 0.15 M NaCl, 0.1 % Tween
20), the immunoreactive bands were detected by eelanc
chemiluminescence coupled to peroxidase activity (Santa Cruz
Biotech) and imaged with a ChemiDoc XRS system {Baal
Laboratories Inc.).

Immunofluorescence. + LS SRFDP SD O-thick trafsversely

coronal slices were treated or not with sCT PF@s Monaner

enriched solutions for 100 min. After treatment, the slices were fixed
overnight with 4% paraformaldehyde in PBS, 0.12 M in sucrose. After
fixation, the samples were rinsed three times in PBS with 5% sucrose

and 0.15 mM CaCl2 and left overnight in sage buffer (PBS with 30%

sucrose and 0.15 mM CacCl2). Samples were then embedded in Tissue
Freezing Medium (Jung, Germany), frozen3 °C in isopentane and

storedat f& O6HFWLRQV P ZHUH FXW DW D /H
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cryostat and labked with primaryantibodies overnight at 4°C. The
following primary antibodies were used: monoclonal -&guN
(Millipore, USA) rabbit antPSD95 (Cell Signaling Technology,
Danvers, MA) and monoclonal afgtynaptophysin (BD Transduction
Laboratories, Franklin Lakes, NJprimary antibodies were revealed
with secondary antibodies coupled to Alexa Fluor® 488 and Alexa
Fluor® 546 (Invitrogen), diluted 1:250 PBS (45 min, 37 °C). Sections
were counterstained with Hoechst 33258; the dye, which binds
specifically to AH base rgions in DNA and emits blue
immunofluorescence at 350 nm, was administered at 1 ng/ml for 1
minute. Sections were observed at an Eclipse 80i Nikon Fluorescence
Microscope (Nikon Instruments, Amsterdam, The Netherlands),
equipped with a Video Confocal (Vigeystem.

GM1 expression. To analg GM1 localization in HT22 cells and
hippocampal neurons we used Alexa Fluor #8#jugated cholera

toxin- &7 OROHFXODU 3UREHV (XJHQH 25
fixation in 4% paraformaldehyde in PBS, 0.12 M in sucrose, cultures
ZHUH VWD L QH &GnZtempkragure fdd 30 nihutes. To highlight
nuclei, cultures were counterstained with Hoechst 33258. Cultures were
observed at an Eclipse 80i Nikon Fluorescence Microscope (Nikon
Instruments, Amsterdam, The Netherlands), equipped with a Video
Confocal (VICo) system.

inside-out Excised Patch Clamp recordings

The experimental procedure was made according to Bode and
colleagues46. In turn: patch pipette was obtained from borosilicate thin
wall capillary (World Precision Instruments Patch pipetigitally
RSLS 0Y ZHUH PDGH E\ D YHUWLFDO SXOOHU
Patchclamp recordings were performed dhe excised patch of
membrane from mice primary hippocampal neurons at 14 DIV, in
voltageclamp mode. Recordings were realized in extracellular
solutions whose euposition in mM was: 121.4 NaCl, 2.16 KCI, 10
CsCl, 10 HEPES, 1.87 CatlL.87 MgC}, 0.1 EGTA. Osmolarity was
adjusted to 300 mOsm with sucrose and pH to 7,4. To block
endogenous conductances, specific drug blockers/antagonists were
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added in the solutiontpyM TTX, 10mM TEA, 100uM APV, 10uM
CNQX, 100uM Bicuculline.

To better gain the gigahm sealing, about one millintetof the pipette

tip was filled with symmetrical solution then patch pipette was
backfilled with the same solution containing samples (M@homers
and-PFOs) at a final concentration of 8uM. Agositive control for
membrane permeabilizatipmve used Amphotericin B a very well
known ionophore (the concentration recommended in the datasheet was
150 pg/mL). Once the gig@hm seal was obtaingthe pipette was
gently retracted until a reduction in the capacitive transients, assessing
the formation of a small vesicle on the pipette tip. Ttimpipette tip

was gently retracted outside the bath. Once the pipette tip was exposed
to the air, the outergstion of the vesicle rapidly brokep. Then the
pipette was soaked again in the bath, exposing its intracellular side
toward the external solution. Another deep reduction in the transients
stating that the insideut mode was achieved. The holding potanti
was set to 0 mV. Patch of membranes were stimulated with a series of
voltage potentials whose amplitude in mV was:0, +60, +40, +20, 0,
20,-40,-60, 0 (step duration was 250 maijlizing an Axopatch 200A
amplifier (Axon Instrument, Union City,CA) supported with
PClamp10 software. Recordings were sampled at a rate of 2KHz with
a for poledow pass Bessel filter frequency of 1KHz. Transmembrane
currents were recorded for about 40 minutes. Quality controls; were
Rsear ! *Y £ 20 0 Y

spontaneoudnEPSC recordings.

Mice Hippocampal neurons at 14DIV were superfused with
extracellular solutions whose composition in mM was: 120 NacCl, 4.2
KCI, 10 HEPES, 2 Cagl 0,3 MgCh, 10 Glucose. Osmolarity was
adjusted to 300 mOsm with sucrose and pH to 7,4.iftnacellular
solution composition in mM was: 125&luconate, 2 Cagl2 MgCb,

10 EGTA, 10 HEPES, 2 N&ATP, 0.5 Na-GTP. 45 0Y 3DWFK
electrodes were typically used in these experiments. Once the giga
Ohm seal was achieved the patch was broken by & piilsuction
going in the wholecell mode. Cells were clamped at thelding
potential of-65mV, and spontaneous current sweeps of 0.5 seconds
were recorded one each a minute, for about 10 minutes
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During recordingsa potential of 1ImVwas applied to measure the
stability of the seal resistance/egy 2 seconds. Tracesaneaccounted
for in the anaysis only within a fluctuation in 5% on the mean value
and less than 1mV in driff.o measure spontaneous miniature EPSC,
1puM TTX, 100puM APV, and 100uM Bicuculline were added in the
extracellular and in intracellulassolution, to block Nat+ channels
GABA-A channels and NMDARs, leaving AMPARS permissive.
MEPSC vas recordedusing the Axopatch 200A amplifier (Axon
Instrument, Union City,CA) supported with PClampl0 software.
Recordings were sampled at a rate of 2KHz with a for Holegass
Bessel filter fregency of 1KHz.
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Statistical analysis

Average Molecular Weight and PFOs % indexes/Ne computed two
estimators from gel densitometry, named:
a
#RANFQGAEJ@ATIOEF G&=L I #ESy
Uas

(Ai: Area under the-imeric species banukak)
and
< a
2(10 EJ@AR,; @ #ipiae-AQ®Ir
g ..
Ve

(Ate+tr+p: Area under the trimeric, tetrameric, pentameric and
hexameric species band peaks; #btal area under the gel densitometry
lane).

These indexes were plotted as a boxplonok-parametric test was
computed to assesise statistical significance of indexes differences,
for Monomer and PFOsnriched samples, with a confidence level of
95%, under the null hypothesis:FAMWi monomers= AMWi samplesOr
PFOsY%vionomers= PFOSO/(bampIes

Intracellular Ca?*. Peaks and entime values of the [C&Ri, were
calculated over the experiments and expressed as a percentage of the
BaselineCorrectedRatio values. Statistical significance of {@a27]
differences, between Monomers U@ treated neurons was assessed
under the null hypothesis: HOEC&2'] ) Monomers =[Ca2];) PFO,
utilizing T-test, with a confidence level of 95% and 99%. A multiple
comparison in the effects of PFOs administration upon drugs pre
treatments with MK801 and Verapamil or in the effects of PFOs
administration on cells in different maturating conditions
(undifferertiated HT22, differentiated HT22, HpC neurons 6 DIV, and
HpC neurons 14 DIV), was assessed respectit@igugh oneway
ANOVA, followed by Dunnett postests or for multiple comparison by
Bonferroni correction.
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MTT . Cellular viability estimations for ehcexperimental condition
were obtained in quadruplicate, from the MTT assay. Data were
normalized respect to controlddultiple comparisos in cellular
viability were obtained concerning controls for all experimental
conditions, utilizing ANOVA followed by Dunnett test, with a
confidence level of 95 % and 99%.

LTP. The maximal slopes of the descending and ascending branches of
the PS were averaged ithe module and plotted against the
corresponding experimental time. For each trace, raw data were
normalized as a percentage of the baseline PS slope, before test
substances administration. Statistical significance in differences for all
experimental conditions was assessed by means of an ANOVA
followed by Bonferroni correction, respect to the basaidmission and

the endtime values, (80 minutes after the tetanic stimulation), with a
confidence of 95% and 99%.
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