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Abstract

Peptides and proteins can convert from their soluble forms into highly ordered fibrillar aggregates, giving rise to pathological conditions
ranging from neurodegenerative disorders to systemic amyloidoses. It is increasingly recognized that protein oligomers forming early
in the process of fibril aggregation represent the pathogenic species in protein deposition diseases. The N-terminal domain of the HypF
protein from Escherichia coli (HypF-N) has previously been shown to form, under distinct conditions, two types of HypF-N oligomers
with indistinguishable morphologies but distinct structural features at the molecular level. Only the oligomer type exposing hydropho-
bic surfaces and possessing sufficient structural plasticity is toxic (type A), whereas the other type is benign to cultured cells (type B).
Here we show that only type A oligomers are able to induce a Ca®" influx from the cell medium to the cytosol, to penetrate the plasma
membrane, to increase intracellular reactive oxygen species production, lipid peroxidation and release of intracellular calcein, resulting
in the activation of the apoptotic pathway. Remarkably, these oligomers can also induce a loss of cholinergic neurons when injected into
rat brains. By contrast, markers of cellular stress and viability were unaffected in cultured and rat neuronal cells exposed to type B
oligomers. The analysis of the time scales of such effects indicates that the difference of toxicity between the two oligomer types involve
the early events of the toxicity cascade, shedding new light on the mechanism of action of protein oligomers and on the molecular tar-
gets for the therapeutic intervention against protein deposition diseases.

Keywords: HypF-N aggregate toxicity e calcium dysregulation ® membrane lipid peroxidation e
cholinergic neuronal death e protein deposition diseases

Introduction

A wide range of human pathologies arises from the failure of a
specific peptide or protein to adopt, or remain in, its native func-
tional conformational state. These pathological conditions are
generally referred to as protein misfolding diseases and include
neurodegenerative disorders, systemic amyloidoses and cystic
fibrosis [1, 2]. The largest group of protein misfolding diseases is
associated with the conversion of specific peptides or proteins,
following mutations, aging or other alterations of the chemical
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environment, from their soluble functional states into insoluble
highly organized fibrillar aggregates, often called amyloid fibrils
[1,2]. There is increasing evidence that the oligomeric assemblies
that precede the formation of amyloid fibrils, often kinetic interme-
diates in the process of amyloid fibril formation or off-pathway
species, are the primary pathogenic species in many protein dep-
osition diseases [3-6]. The toxicity of these early oligomers
appears to result from their intrinsic ability to impair fundamental
cellular processes, for example by interacting with cellular mem-
branes and disassembling the lipid bilayer [7] or by interacting
with membrane receptors causing their dysfunction [8].

An increasing number of proteins with no link to protein deposi-
tion diseases has been found to form, under various conditions in
vitro, fibrillar aggregates that show structural and tinctorial proper-
ties similar to those of the amyloid fibrils formed by disease-related
proteins and peptides [9-11]. Among these proteins, the globular
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N-terminal domain of the prokaryotic hydrogenase maturation fac-
tor from Escherichia coli (HypF-N) is a valuable model system for
investigating the structural basis of the cellular dysfunction caused
by misfolded protein oligomers. Indeed, monomeric HypF-N is
promptly able to form spherical oligomers, protofibrils and amyloid-
like fibrils in vitro, under conditions that destabilize its native state
or promote its cooperative unfolding into partially structured states
[12-17]. The oligomers formed in the early stages of the aggrega-
tion process have the same morphological and tinctorial features as
those formed by disease-related peptides and proteins [18, 19]. In
particular, two types of spherical oligomers have been formed by
HypF-N, following the incubation in distinct experimental conditions
that have been designated condition A and condition B, respectively
[18]. The resulting oligomers were found to be stable when trans-
ferred to physiological conditions, and apparently indistinguishable
using atomic force microscopy and ThT binding. However, when
studied using site-directed N-(1-pyrene)maleimide labelling and
ANS binding, these oligomers were found to have a different degree
of structural flexibility and solvent-exposure of the hydrophobic
groups. Such different structural properties resulted in different
toxic properties of the oligomers, as revealed by the MTT and
Hoechst staining tests, with the aggregates displaying a greater flex-
ibility and higher solvent-exposure of the hydrophobic regions (type
A oligomers) being more toxic than the others (type B oligomers).

The availability of morphologically indistinguishable protein
oligomers differing in submicroscopic structural properties and in
their biological properties provides a unique opportunity to study, in
addition to the structural determinants of protein toxicity [18], also
the mechanism of action through which only one subpopulation elic-
its deleterious effects on cell viability. By monitoring and comparing
the various cellular responses upon treatment with the two types of
oligomers, the key steps associated with oligomer-mediated cell dys-
function in the complex cascade of events following the interaction
of oligomers with the cell membrane may be identified. In this study
we compared the downstream effects following the exposure of cul-
tured cells and rat brains to the previously characterized toxic and
non-toxic HypF-N oligomers. We will show that only the toxic
oligomers are able to cause the early events associated with cell tox-
icity, such as the increase of reactive oxygen species (ROS) levels
and Ca®" dysregulation, with the non-toxic species appearing sub-
stantially ineffective at the first steps of the cellular toxicity cascade.

Materials and methods

Materials

All reagents were of analytical grade or the highest purity available. Foetal
bovine serum (FBS), phosphate buffered saline (PBS), pluronic acid F-127
and other chemicals were from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise stated. Fluo3-AM, Calcein-AM, CM-Hp, DCFDA and BODIPY
581/591 C11 were prepared as stock solutions in dimethylsulfoxide
(DMS0), purged with nitrogen and stored in light-protected vessels at
—20°C until use. HypF-N, expressed and purified as previously reported
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[18], was converted into stable oligomers by incubation at 48 M for 4 hrs
at 25°C in two different experimental conditions: 50 mM acetate buffer,
12% (v/v) ftrifluoroethanol (TFE), 2 mM dithiothreitol (DTT), pH 5.5
(condition A) and 20 mM trifluoroacetic acid (TFA), 330 mM NaCl, pH 1.7
(condition B). Both types of HypF-N oligomers were centrifuged at 16,100
rcf, dried under N2 to remove water, TFE, DTT and TFA, dissolved in the
appropriate culture media to reach a final HypF-N concentration of 12 uM
and immediately added to cultured cells at differing final concentrations.
No toxic effect was observed when the cells were incubated in the presence
of samples obtained from similar initial solutions containing all reagents
except the protein, excluding the possibility that residual TFE, DTT and TFA
could induce cytotoxicity. Native HypF-N was tested by diluting the protein
stock solution in the same cell media.

Cell cultures and rat model

Human SH-SY5Y neuroblastoma cells (A.T.C.C., Manassas, VA, USA) were
cultured in DMEM F-12 Ham with 25 mM HEPES and NaHCO3 (1:1) sup-
plemented with 10% FBS (Sigma-Aldrich) 1.0 mM glutamine and antibi-
otics. Murine Hend endothelium cells were cultured in DMEM supple-
mented with 10% FBS, 1.0 mM glutamine and antibiotics. All cell cultures
were maintained in a 5% CO2 humidified atmosphere at 37°C.

Three-month-old (230250 g) male Wistar rats (Harlan Nossan,
Correzzana, Italy) were housed in macrolon cages until surgery and main-
tained on a 12 hrs light/dark cycle at 23°C. All animal manipulations were
performed /n vivo, according to the European Community guidelines for ani-
mal care (DL 116/92). For in vivo studies, native protein and aggregates were
suspended in PBS at the final concentrations of 1.0 mg/ml (calculated as
monomer protein concentration). In a series of experiments, the monomeric
form of HypF-N was labelled with fluorescein-5-isothiocyanate (5-FITC)
using AnaTagTN| 5-FITC Microscale Protein Labeling Kit (AnaSpec, San Jose,
CA, USA) and then converted into the aggregates. The 1.0 pl aliquots of
protein solutions containing either native or the two oligomeric forms of
HypF-N were injected into the nucleus basalis magnocellularis (NBM) of the
basal forebrain of anaesthetized rats as previously described [20].

HypF-N aggregate internalization

The internalization of HypF-N aggregates into the cytosol was monitored in
SH-SY5Y and Hend cells seeded on glass cover slips by confocal scanning
microscopy as previously described [18]. Cells were incubated for 5, 10, 30,
60 and 180 min at 37°C with 12 wM HypF-N aggregates formed under con-
ditions A or B. The cells were counterstained with 5 w.g/ml Alexa Fluor 633-
conjugated wheat germ agglutinin (Molecular Probes, Eugene, OR, USA) and
the aggregates with 1:1000 diluted rabbit polyclonal anti-HypF-N antibody
(Primm S.r.l., Milan, Italy) and then with 1:1000 diluted Alexa Fluor 488-con-
jugated anti-rabbit secondary antibody (Molecular Probes). Cell fluorescence
was analysed by confocal Leica TCS SP5 scanning microscope (Mannheim,
Germany) equipped with an argon laser source for fluorescence measure-
ments at 488 nm and 633 nm and a Leica Plan Apo 63X oil immersion
objective. A series of optical sections (1024 X 1024 pixels) 1.0 wm in thick-
ness was taken through the cell depth for each examined sample.

ROS production and lipid peroxidation

To detect intracellular ROS production, the cells were exposed for 5, 10, 30
and 60 min at 37°C to 12 wM HypF-N aggregates and native protein in
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culture medium with or without Ca?". In a series of experiments, cells
were also pre-treated for 24 hrs with 100 wM vitamin E prior to aggregate
exposure. 2’,7’-dichlorodihydrofluorescein diacetate (CM-Hz, DCFDA,
Molecular Probes) dye loading was achieved as previously described [21]
and the emitted fluorescence was detected at 488-nm excitation by the
confocal scanning system described earlier. Membrane lipid peroxidation
was investigated by confocal microscope analysis of the fluorescent probe
4,4-difluoro-3a,4adiaza-s-indacene (BODIPY 581/591 Ci1, Molecular
Probes). SH-SY5Y cells, cultured on glass cover slips, were incubated for
60 min at 37°C with 12 M native or aggregated HypF-N. Dye loading was
achieved as previously reported [21] and the emitted fluorescence was
analysed at 581 nm excitation. The lipid peroxidation was also quantified in
neuroblastoma cells using a FACSCanto flow cytometer (Beckton
Dickinson Bioscences, San Jose, CA, USA). Briefly, the cells were incu-
bated for 24 hrs at 37°C in culture medium containing 12 wM native or
aggregated HypF-N and then loaded by adding 2.5 p.M fluorescent BODIPY
581/591 C11 for 30 min.

Alteration of membrane permeability
and cytosolic Cca?* dyshomeostasis

To assess membrane integrity disruption, SH-SY5Y cells, plated on glass
cover slips, were treated for 20 min at 37°C with 2.0 wM calcein-AM
(Molecular Probes) diluted in culture medium, as previously described
[22]. The decay in fluorescence was analysed by confocal microscope
analysis at 488 nm following cell exposure to 12 M native or aggregated
HypF-N for differing lengths of time (5, 10, 30 and 60 min) at 37°C in cul-
ture medium with or without Ca?". In a series of experiments, the cells
were also pre-treated for 24 hrs with 100 wM vitamin E prior to aggregate
exposure. ca’t dyshomeostasis was evaluated in the same experimental
conditions as reported above. SH-SY5Y and Hend cells were then loaded
for 30 min at 37°C with 10 wM fluo3-AM (Molecular Probes) and the emit-
ted fluorescence was detected at 488 nm excitation [18].

Apoptotic and necrotic markers

Caspase-3 activity was evaluated on SH-SY5Y cells cultured on glass cover
slip after exposure to 12 wM native or aggregated HypF-N for 0.5, 1, 3, 24
and 48 hrs at 37°C in culture medium with or without Ca". In a series of
experiments, the cells were also pre-treated for 24 hrs with 100 M vita-
min E prior to 3 hrs aggregate exposure. The cells were loaded with FAM-
FLICA™ Caspases 3&7 solution [Caspase 3&7 FLICA kit (FAM-DEVD-
FMK), Immunochemistry Technologies, LLC, Bloomington, MN, USA] for
60 min and the emitted fluorescence was detected at 488 nm excitation by
the confocal scanning system described above. Caspase-3 activity was
also quantified by the FACSCanto flow cytometer described earlier. Lactate
dehydrogenase (LDH) release into the culture media was measured after
cell exposure for 12, 24, 48 and 72 hrs at 37°C to 12 M native or aggre-
gated HypF-N by the LDH assay kit (Roche Diagnostics, Mannheim,
Germany) at 490 nm.

ChAT immunohistochemistry

Rats were killed by decapitation under deep chloral hydrate (400 mg/kg,
intraperitoneally) anaesthesia 7 days after the injections. This was considered
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a reasonable time period to allow us to detect long-term effects of the
injected aggregates in light of their likely persistence in tissue. Brains were
quickly removed and fixed in phosphate-buffered 4% paraformaldehyde,
pH 7.4, at 4°C for 48 hrs, then rinsed in PBS, dehydrated with an automatic
machine and paraffin embedded. Ten micrometres coronal sections were
cut with a microtome and mounted on slides. The sections were incubated
in xylene for 20 min at room temperature to allow the removal of the
paraffin and then they were rehydrated. Choline acetyltransferase (ChAT)
immunohistochemistry was performed using 1:200 diluted goat polyclonal
anti-ChAT antibody (Chemicon, CA, USA), 1:1000 diluted biotinylated
anti-goat antibody (Vector Laboratories, Burlingame, CA, USA) and
avidin—biotin system (Vectastain; Vector Laboratories) and 3,3'-
diaminobenzidine (DAB) plus Nickel (DAB Kit: Vector Laboratories) as pre-
viously described [20]. ChAT-positive cells in the NBM were counted under
a 10X objective lens of an Olympus Optical (Tokyo, Japan) BX40 micro-
scope with an Olympus Optical DP50 digital camera, using a calibrated
eyepiece grid. Five sections per animal, standardized in anteroposterior
with respect to the injection site and spaced 50-100 wm from each other,
were analysed. Morphometry was conducted by using analySIS 5 software
(Soft Imaging System, Miinster, Germany). The total number of counted
ChAT-positive cells, carried out on five sections per animal, in the injected
NBM of three animals for each conditions was averaged, expressed as per-
centage of that in the contralateral PBS-injected hemisphere of the same
section (178 = 8.4, mean = S.D.) assumed as 100% and analysed using
Prism 3.0 (GraphPad Software, San Diego, CA, USA). The presence of
HypF-N 5-FITC-labeled aggregates was detected 24 hrs after protein injec-
tion by collecting the emitted fluorescence at 488 nm excitation using the
confocal scanning system described earlier.

Determination of rate constants

The different intracellular fluorescence intensities associated with HypF-N
aggregate internalization into the cells, ROS, calcein, free ca®" and cas-
pase activation were plotted against the time elapsed after type A
oligomers addition to the cell medium. A variable number of cells ranging
from 10 to 22 were analysed for every fluorescent probe and time point in
three different experiments. In all cases the fluorescence arising from
untreated cells was subtracted from the fluorescence value observed in the
presence of the oligomers. The kinetic plots were analysed with a proce-
dure of best fitting using a single exponential function of the form

F(t) = F() + Aexp (—kt)

where F (%) is the maximum fluorescence intensity of the processes
attained at the end of the exponential phase, A is the amplitude of the flu-
orescence change and k is the apparent rate constant. The best fitting
analysis was performed using the Kaleidagraph software (Synergy
Software, Reading, PA, USA).

Statistical analysis

MTT and LDH data are expressed as mean = S.D. Comparisons between
the different groups were performed by ANOVA followed by Bonferroni’s
post comparison test. ChAT immunohistochemical data are expressed as
mean = S.D. and were analysed using the one-way ANOVA, followed by
the Newman—-Keuls multiple comparison test. A p-value less than 0.05 was
accepted as statistically significant.
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Fig. 1 (A) Representative confocal microscope
images showing SH-SY5Y cells exposed to
12 wM HypF-N oligomers grown in conditions
A (upper panels) and B (middle panels) for the
indicated time lengths. Untreated cells and cells
exposed to the native protein are also shown
(lower panels). After plasma membrane perme-
abilization with a 3% glycerol solution, counter-
staining was performed with wheat germ
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addition to the cell medium. The intracellular
fluorescence measured for untreated cells was
subtracted from all values. A variable number
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Results

Only toxic HypF-N oligomers are internalized
into the cytosol with well-defined kinetics

Our previous results indicated that toxic oligomers formed in condi-
tion A and non-toxic oligomers formed in condition B have different
abilities to penetrate the cell membrane when transferred to the
extracellular medium of cultured SH-SY5Y cells [18]. In particular it
was found that only the toxic oligomers were internalized into the

© 2011 The Authors
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of cells ranging from 10 to 22 were analysed for
every time point in three different experiments.
The continuous line through the data repre-
sents the best fit to a single-exponential func-
tion. (C) Representative confocal microscope
images showing Hend cells after 60 min. expo-
sure to culture medium with or without 12 uM
native HypF-N. Optical sections taken through
the cells by confocal scanning microscopy after
treatment for 60 min. with HypF-N oligomers
formed in condition A and B at basal, median
and apical focal lengths.
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cells, whereas the non-toxic ones interacted with the cell surface
without crossing the membrane [18]. Here, we investigated the
kinetics of oligomer internalization by adding both types of oligomers
to the extracellular medium of cultured SH-SY5Y cells and acquiring
confocal microscope images at different time points following such
atreatment (Fig. 1A). The amount of type A oligomers inside the cells
was found to increase quickly following their addition to the cell
medium, with a significant quantity of such oligomers detected after
5 min only (Fig. 1A). The plot of the fluorescence associated with
internalized HypF-N versus time elapsed after oligomer addition to
the cell medium revealed single-exponential kinetics with a rate
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constant (k1) of 2.33(0.46) x 10~ sec™ " (Fig. 1B). On the other
hand, type B aggregates were found to interact with the plasma
membrane without entering the cytoplasm even after prolonged
incubation of the oligomers with the cells (Fig. 1A). These findings
confirm that only the toxic type A oligomers can cross the cell mem-
brane, indicating that the absence of type B oligomer cellular inter-
nalization is not determined by the period of incubation of the cells
with these oligomers. Accordingly, imaging different optical sections
of Hend cells, including basal, apical and intermediate median
planes, revealed the presence of HypF-N aggregates inside the cells
(median planes) only when these were treated with the toxic
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oligomers formed under condition A (Fig. 1C). No fluorescence asso-
ciated with HypF-N was detected in untreated cells and in cells incu-
bated for 60 min with native HypF-N (Fig. 1A and C).

Only cytotoxic HypF-N oligomers induce ROS
production and membrane lipid peroxidation

The generation of intracellular ROS is one of the earliest biochemi-
cal changes that cells exposed to deleterious protein oligomers
undergo [23-25]. HypF-N oligomers formed under condition A and
added to the medium of cultured SH-SY5Y cells induced a rapid
increase of ROS levels in the cells, clearly detectable after only 5 min
incubation and reaching a plateau after 30-60 min (Fig. 2A). The
time course of the ROS increase followed apparent single exponen-
tial kinetics, with a rate constant (ko) of 1.98(*0.24) X 10~ sec”
(Fig. 2B). By contrast, cells treated with type B oligomers showed
an intracellular redox status similar to that found in untreated cells
or in cells treated with native HypF-N for 60 min (Fig. 2A).
Interestingly, an almost complete inhibition of ROS production in
cells treated with type A oligomers was achieved by pre-incubating
the cells with 100 wM vitamin E for 24 hrs, before the addition of
the oligomers, or by using a Ca’*-free medium (Fig. 2A).
Membrane lipid peroxidation in cultured SH-SY5Y cells was also
evaluated after addition of type A and type B oligomers, using both
flow cytometric and confocal microscopy analyses. The fluorescence
intensity distributions detected in flow cytometry after treating the
cells for 24 hrs with native HypF-N and type B oligomers were super-
imposable with that obtained with untreated cells (Fig. 2C). By con-
trast, the fluorescence intensity distribution determined with cells
treated for 24 hrs with type A oligomers was shifted to higher values
(Fig. 2C). This shift indicated an increase in membrane lipid peroxi-
dation after prolonged exposure of the cultured cells to type A
oligomers. Accordingly, the red fluorescence signal observed with

Fig. 2 (A) Representative confocal microscope images showing intracellu-
lar ROS levels in SH-SY5Y cells exposed for the indicated time lengths to
oligomers formed under conditions A (upper panels) or B (middle panels).
The figure also shows images obtained with untreated cells, cells exposed
to the native protein, cells exposed to type A oligomers in a Ca®*-free
medium or following a 24 hrs pre-incubation with vitamin E (lower panels).
All images were acquired by simultaneously incubating cells with oligomers
and CM-Hz, DCFDA in the last 10 min. of exposure to the oligomers. (B)
Kinetic plot showing the fluorescence associated with ROS versus time
elapsed after oligomer addition to the cell medium. The fluorescence meas-
ured for untreated cells was subtracted from all values. A variable number
of cells ranging from 15 to 25 were analysed for every time point in three
different experiments. (C) Flow cytometric analyses of lipid peroxidation in
SH-SY5Y untreated cells (red), cells treated for 24 hrs with native HypF-N
(green), or with oligomers grown under conditions A (blue) or B (brown).
After oligomer exposure single-cell suspensions were incubated with the
fluorescent probe BODIPY 581/591 C11. (D) Representative confocal micro-
scope images illustrating lipid peroxidation in untreated SH-SY5Y cells,
cells exposed for 60 min. to native HypF-N or oligomers grown under
conditions A or B, as assessed using BODIPY 581/591.
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confocal microscopy from cells exposed for 60 min to native HypF-
N and type B oligomers did not differ significantly relative to
untreated cells; a considerable shift to green fluorescence signal was
indeed observed only in cells exposed to type A oligomers for 60
min, indicating an increase in membrane oxidative injury (Fig. 2D).

Only cytotoxic HypF-N ollgomers induce
an influx of extracellular Ca®" into the cytosol

The influx of Ca®>" ions from the extracellular space into the
cytosol across the cell membrane has been recognized to be an
early insult in cells exposed to deleterious protein oligomers
[26-29]. The level of intracellular Ca?" ions was evaluated, by
means of confocal microscopy, at different time points after the
addition of type A and type B oligomers to the extracellular
medium of SH-SY5Y and Hend cells. Oligomers formed under
condition A induced a rapid and sharp increase in cytosolic free
Ca2" in both cell lines (Fig. 3A and B). The increase was evident
already after 5 min and increased further later on. The kinetic
analysis revealed that the increase of intracellular ca’" levels in
SH-SY5Y and Hend cells followed apparent single-exponential
kinetics with rate constants (k3 and k4) of 5.06(%=0.87) X
1073 sec ™ and 4.0(=0.22) x 103 sec™ ", respectively (Fig. 3A
and B). In contrast, treating both cell lines with HypF-N oligomers
formed under condition B did not cause any increase in intracellu-
lar Ca’" ions even after prolonged incubation with the cells.
Similarly, no increase in intracellular Ca’" ions was observed in
SH-SY5Y and Hend cells exposed to native HypF-N (Fig. 3A and B).
The sharp increase of cytosolic ca’* caused by the addition of type
A oligomers was inhibited when the cells were cultured in a Ca’*-
free medium, suggesting that the observed increase of intracellular
Ca’" ions was caused by an influx from the extracellular medium
(Fig. 3A and B). The pre-treatment of the cells with 100 M vitamin
E also prevented the cytosolic Ca* spike (Fig. 3A and B).

Cytotoxic HypF-N oligomers disrupt
plasma membrane integrity

We next loaded SH-SY5Y cells with the calcein-AM fluorescent
probe. A time-dependent decrease in intracellular calcein-derived

Fig. 3 Representative confocal microscope images showing intracellular
Ca2" levels in SH-SY5Y (A) and Hend (B) cells exposed for the indicated
time lengths to oligomers formed under conditions A or B. The figure also
shows images obtained with untreated cells, cells exposed to the native pro-
tein and cells exposed to type A oligomers in a Ca?"-free medium or follow-
ing a 24 hrs pre-incubation with vitamin E. After oligomer exposure cells
were treated with Fluo-3-AM. Kinetic plots showing the fluorescence asso-
ciated with intracellular Ca?" versus time elapsed after oligomer addition to
the SH-SY5Y and Hend cell media, after subtracting the fluorescence meas-
ured for untreated cells. A variable number of cells ranging from 20 to 30
were analysed for every time point in three different experiments.
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Fig. 4 (A) Representative confocal microscope images showing SH-SY5Y
cells pre-loaded with calcein-AM and then exposed for the indicated time
lengths to oligomers formed under conditions A (upper panels) or B (middle
panels). The figure also shows images obtained with untreated cells, cells
exposed to the native protein and cells exposed to type A oligomers in a
Ca’"-free medium or following a 24 hrs pre-incubation with vitamin E (lower
panels). The cells were pre-loaded with calcein-AM (green) for 20 min. and
then treated with the oligomers. (B) Kinetic plot showing the fluorescence
associated with intracellular calcein versus time elapsed after oligomer addi-
tion to the cell medium. A variable number of cells ranging from 10 to
20 were analysed for every time point in four different experiments.

fluorescence was observed when the cells were exposed to HypF-N
oligomers formed under condition A (Fig. 4A). However, the decay
in calcein fluorescence appeared to be slower than the increase of
intracellular Ca>* and ROS levels following oligomer addition, with
an apparent rate constant (ks) of 7.54(+2.25) X 107 sec

(Fig. 4B). By contrast, no decrease in calcein fluorescence was
observed in cells treated with HypF-N oligomers formed under
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condition B or with the native protein (Fig. 4A). The decay in calcein
fluorescence resulting from the exposure to type A oligomers was
prevented when the cells were cultured in a Ca?"-free medium or
pre-treated with 100 M vitamin E for 24 hrs (Fig. 4A).

Cytotoxic HypF-N oligomers
trigger apoptotic pathways

We then evaluated whether the different ability of type A and type
B oligomers to induce cytosolic ROS production and Cca’" influx
resulted in cell death. This analysis was achieved by measuring
the caspase-3 activity, a well-recognized apoptotic marker [30],
and using confocal microscopy and flow cytometry. In the confo-
cal microscope images, the caspase-3 activity was already evident
in SH-SY5Y cells after 3 hrs and appeared to be markedly
increased after a 24 hrs treatment with oligomers formed under
condition A. The kinetic analysis revealed that the increase in
caspase-3 activation in SH-SY5Y cells followed apparent single-
exponential kinetics with a rate constant (ks) of 8.35(=3.04) X
107° sec ™! (Fig. 5B). On the other hand, negligible caspase-3
activation was detected when cells were treated for different
lengths of time with HypF-N oligomers formed under condition B
(Fig. 5A). A negligible caspase-3 activation was also detected
when the cells were treated with native HypF-N (Fig. 5A). The early
increase (3 hrs) in caspase-3 activity caused by the addition of
type A oligomers was reduced when the cells were cultured in a
Ca?"-free medium, suggesting a primary role of extracellular ca?*
influx in the apoptotic pathway (Fig. 5A). Cell pre-treatment with
100 wM vitamin E also reduced caspase-3 activation (Fig. 5A). In
agreement with these results, the flow cytometric analysis showed
a marked increase of fluorescence associated with caspase-3
activity in cells treated for 24 hrs with type A oligomers (Fig. 5C).

We then investigated whether cells exposed to HypF-N
oligomers also underwent necrotic cell death. The analysis was
performed by measuring the release of LDH, a widely used
necrotic marker, in the medium of cultured SH-SY5Y cells treated
for 24 and 48 hrs with type A and type B oligomers. After 24 hrs
treatment, cells exposed to type A and type B oligomers displayed
an LDH release similar to that of untreated cells or cells treated
with native HypF-N (Fig. 5D). A significant, albeit weak, increase in
LDH release was observed only in cells exposed to type A
oligomers for 48 hrs, supporting the presence of a minor and late
necrotic outcome in this case (Fig. 5D). The comparison between
caspase-3 and LDH data suggests that a necrotic outcome follows
the apoptotic pathway and that necrosis occurs only in a small
percentage of SH-SYSY cells at the latest time point studied here.

Cytotoxic HypF-N oligomers affect ChAT
immunoreactivity in rat brains

To assess whether the different abilities of type A and type
B oligomers to cause dysfunction of cultured cells can be
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reproduced in an animal model, both types of aggregates were
labelled with the fluorophore 5-FITC and then microinjected into
the NBM of rat brains. Figure 6A shows representative confocal
microscope images of the forebrain NBM from rats obtained
24 hrs after the injection. The images show that both aggregate
species remained in the tissue for sufficient lengths of time to
potentially induce substantial effects. The number of ChAT-
positive neurons, an inverse correlate of the degree of neuronal
stress produced by the oligomers to cholinergic neurons, was
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detected by an immunohistochemical analysis 7 days after HypF-N
injection. A high intensity of staining in the magnocellular neurons
confirmed the presence of ChAT immunoreactivity in this region of
the brain when only PBS buffer was injected in the NBM (Fig. 6B).
No reduction of ChAT immunoreactivity was observed when the
forebrain NBM was injected with native HypF-N (Fig. 6B).
However, the number of ChAT-positive neurons appeared to be
significantly reduced after injection with HypF-N oligomers formed
in condition A (Fig. 6B). The ChAT-positive neurons were 39 +
3.1% of those counted in the NBM of the contralateral hemisphere
injected with PBS (Fig. 6C). By contrast, the number of ChAT-pos-
itive neurons appeared to be only slightly reduced after injection
of the aggregates formed under condition B (87 = 3.7%), relative
to the contralateral hemisphere injected with PBS (Fig. 6B and C).
These results indicate that the two types of stable oligomers
analysed here have different abilities to affect cholinergic neuronal
cells in rat models, in agreement with their different toxicities
observed in neuroblastoma cultured cells.

Discussion

A number of biochemical modifications, eventually leading to cell
death, have been reported in cells exposed to toxic protein aggre-
gates of several different peptides and proteins either in whole ani-
mals or in different cultured cell lines [30-36]. Previous reports
have shown that prefibrillar aggregates of proteins that are not
associated with disease are toxic to cells in a manner similar to
early aggregates of disease-related proteins and peptides by
impairing the same biochemical parameters [13, 15, 35]. In this
study, we have compared the effects of two different types of
HypF-N oligomers, one of which is benign when added to cell
cultures whereas the other one is toxic [18]. We have studied
different biochemical modifications caused by the two types of

Fig. 5 (A) Representative confocal microscope images showing caspase-3
activation in SH-SY5Y cells treated for the indicated time lengths with type
A (upper panels) and B (middle panels) HypF-N oligomers. The figure also
shows images obtained with untreated cells, cells exposed for 24 hrs to the
native protein, cells exposed for 3 hrs to type A oligomers in a Ca’*-free
medium or following a 24 hrs pre-incubation with vitamin E (lower panels).
Caspase-3 activity was assessed using the fluorescent probe FAM-FLICA™
Caspase 3&7 (green). (B) Kinetic plot showing the fluorescence associated
with caspase-3 versus time elapsed after oligomer addition to the cell
medium, after subtracting the fluorescence measured for untreated cells. A
variable number of cells ranging from 15 to 20 were analysed for every time
point in two different experiments. (C) Flow cytometric analyses of caspase-
3 activity in SH-SY5Y untreated cells (red), cells treated for 24 hrs with
native HypF-N (green), or with oligomers formed in condition A (blue) or B
(brown). (D) SH-SY5Y cell viability checked by LDH release into the culture
medium after 24 hrs (black bars) and 48 hrs (grey bars) treatment with
native HypF-N or with oligomers formed under conditions A and B. The
values shown are means + S.D. of three independent experiments, each
performed in triplicate. The asterisk (*) refers to P values lower than 0.05.
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protein oligomers and measured their time scales, with an aim of
identifying the stage at which the toxic oligomers cause cellular
dysfunction. Under our experimental conditions, two different cell
lines were similarly injured by toxic HypF-N aggregates, suggest-
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ing a general mechanism by which these oligomers can affect dif-
ferent types of cells.

The toxic oligomers (type A) were found to cause a rapid influx
of Ca®" ions from the extracellular space into the cytosol of both
cell lines, with an apparent rate constant of ca. 5 X 102 sec™
This early modification is associated with a slower increase of
ROS levels and cellular internalization of protein oligomers, both
events found to occur with an apparent rate constant of ca. 2 X
10 % sec™". The permeabilization of the membrane to an extent
sufficient to allow the release of intracellular calcein was found to
occur on a slower time scale, with an apparent rate constant of ca.
7 x 10 *sec™. Finally, such biochemical modifications resulted
in caspase-3 activation, with an apparent rate constant of ca.
8 % 10 sec™". None of such effects was found to be caused by
the non-toxic oligomers (type B), indicating that the difference
between toxic and non-toxic oligomers in the mechanism of action
by which toxicity is mediated involve the early stages of the cell
dysfunction process. The increases of oxidative stress and ca’*
influx caused by the toxic oligomers are both inhibited when the
cells were pre-incubated with either vitamin E or in a Ca’*-free
medium. Usually, the intracellular rise of free Ca’" is associated
with the elevation of ROS, possibly following the activation of the
oxidative metabolism to respond to the increased need for ATP by
the calcium pumps [37]. Oxidative damage may further exacerbate
oligomer-mediated toxicity [38]. Indeed, AB is reported to accumu-
late faster in membranes containing oxidatively damaged phospho-
lipids than in membranes containing only unoxidized or saturated
phospholipids [39]. For this reason, the cultured cells do not expe-
rience any of the two deleterious effects when they are pre-treated
with vitamin E or with a Ca®*-free medium. Indeed, the absence of
extracellular Ca® " prevents the influx of the ions into the cytosol and
thus the oxidative metabolism required to re-store the Ca’" home-
ostasis and responsible for the accumulation of ROS. Similarly, the
treatment of the cells with vitamin E effectively tackles the increase
of ROS levels and prevents the damaging effects caused by ROS,
allowing the cells to restore the Ca’" homeostasis.

Fig. 6 Analysis of ChAT-positive immunoreactivity in the NBM of 3-month-
old (230-250 g) male Wistar rats. (A) Representative confocal microscope
images (10> magnification) of the sites of microinjection in rat NBM
obtained 24 hrs after injection of HypF-N 5-FITC-labelled oligomers formed
under condition A (left) or B (right). (B) Representative photomicrographs
(20 magnification) obtained 7 days after injection of 1.0 wl PBS (top-
left), 1.0 g native HypF-N (top-right), 1.0 g HypF-N oligomers formed
under condition A (bottom-left) and B (bottom-right). ChAT immunoreac-
tivity was localized in intensely labelled NBM neurons located at the border
between the internal capsule and the globus pallidus. (C) Quantification of
ChAT immunoreactivity in the NBM after the injections (5 sections per ani-
mal). The values shown are means = S.D. of the measurements carried out
on three animals for each conditions, each analysed in five sections.
Statistical analysis on the mean was performed by one-way ANOVA,
followed by the Newman—Keuls multiple comparison test (F = 26.07;
P < 0.05). The reported data and experimental errors refer to the mean +
S.D. The double asterisk (**) refer to P values lower than 0.001 relative to
treatment with PBS, native HypF-N and type B oligomers.
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The alteration of the intracellular free Ca™ levels is considered
a key modification determining the fate of a cell in terms of life or
death; indeed, an increase of free Ca®" may trigger apoptosis indi-
rectly, by affecting mitochondrial functionality, and/or directly, by
activating caspases and calpains [26]. Accordingly, caspase-3 lev-
els are markedly increased in cells exposed to type A oligomers.
Therefore, our results suggest that cell treatment with HypF-N
type A oligomers, showing a low degree of packing of the
hydrophobic residues within their cores and a high structural flex-
ibility of such residues, induces initially intracellular ca’t
dyshomeostasis, then aggregate internalization coupled to oxida-
tive stress and finally membrane damage, which triggers the
apoptotic pathway. In contrast, cell exposure to native HypF-N or
to the more structurally packed type B oligomers prevents ca’*
dyshomeostasis, protein internalization, oxidative attack, mem-
brane damage, and ultimately apoptosis. The biochemistry of cell
death following exposure to the toxic amyloid aggregates is still
under investigation [30, 40]. Our results suggest that the early
increase in caspase-3 activity may trigger necrosis as a later out-
come of cell death, at least in a minor proportion of cells.

We also showed that the two types of HypF-N oligomers have
different abilities to change the normal lifespan of ChAT-positive
neurons of rats in vivo, suggesting a different degree of neuronal
stress produced by these injected species into the NBM of rat
brains. In particular, only the type A aggregates are able to induce
a loss of cholinergic neurons, whereas the type B oligomers show
no toxic effect on cholinergic neurons, similarly to the native

J. Cell. Mol. Med. Vol 15, No 10, 2011

protein. It thus appears that the difference in the ability of type A
and type B oligomers to cause cell dysfunction is not restricted to
cultured cell lines but also appears to be a fundamental difference
in complex organisms as well.

In conclusion, our data indicate that the exposure and flexibil-
ity of hydrophobic residues on the surface of protein oligomers
correlate with the ability of such species to cause cell dysfunction
by acting at the earlg stages of the toxicity cascade, ie. by
compromising the Ca“* homeostasis. Such detailed knowledge
of the early toxic events caused by amyloid-like oligomers
contributes to the identification of new valuable targets for
therapeutic interventions aimed at preventing the onset of protein
deposition diseases.
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