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Parkinson’s disease (PD) is the most common representative of a group of disorders known as synucleinopathies, in which misfolding and
aggregation of!-synuclein (a-syn) in various brain regions is the major pathological hallmark. Indeed, the motor symptoms in PD are caused by
a heterogeneous degeneration of brain neurons not only in substantia nigra pars compacta but also in other extrastriatal areas of the brain. In
addition to the well known motor dysfunction in PD patients, cognitive deficits and memory impairment are also an important part of the
disorder, probably due to disruption of synaptic transmission and plasticity in extrastriatal areas, including the hippocampus.

Here, we investigated the impact of a-syn aggregation on AMPA and NMDA receptor-mediated rat hippocampal (CA3-CA1) synaptic trans-
mission and long-term potentiation (LTP), the neurophysiological basis for learning and memory. Our data show that prolonged exposure to
a-syn oligomers, but not monomers or fibrils, increases basal synaptic transmission through NMDA receptor activation, triggering enhanced
contribution of calcium-permeable AMPA receptors. Slices treated with a-syn oligomers were unable to respond with further potentiation to
theta-burst stimulation, leading to impaired LTP. Prior delivery of a low-frequency train reinstated the ability to express LTP, implying that
exposuretoa-synoligomersdrivestheincreaseofglutamatergicsynaptictransmission,preventingfurtherpotentiationbyphysiologicalstimuli.

Our novel findings provide mechanistic insight on how a-syn oligomers may trigger neuronal dysfunction and toxicity in PD and other
synucleinopathies.

Introduction
Parkinson!s disease (PD) is typically known for the loss of nigro-
striatal dopaminergic neurons associated with motor impair-
ment, of which muscle rigidity, resting tremor, bradykinesia, and
postural instability are the cardinal symptoms (Jankovic, 2008).

However, neuropsychiatric disturbances, cognitive deficits, and
memory impairment also occur in PD (Turner et al., 2002), prob-
ably due to disruption of synaptic transmission and plasticity in
extrastriatal areas. In fact, the accumulation of proteinaceous
intracellular inclusions named Lewy bodies (LBs) (Spillantini et
al., 1997), a pathological hallmark of diseases known as synucle-
inopathies, is not restricted to the substantia nigra but is extended
to several areas including hippocampus and cortex (Spillantini et
al., 1997; Mattila et al., 2000; Braak et al., 2004). These inclusions
are mainly composed of !-synuclein (a-syn), a neuronal presyn-
aptic protein implicated in vesicular trafficking, neurotransmit-
ter release, and regulation of neurotransmission (Clayton and
George, 1999; Auluck et al., 2002; Fujiwara et al., 2002). This
protein is known to undergo misfolding and oligomerization,
under specific conditions, forming dimers, oligomers, and fibril-
lar structures (Conway et al., 2000; Uversky et al., 2001; Lashuel et
al., 2002). While the precise origin for the toxicity of a-syn is still
unclear, existing data suggest that oligomeric forms, rather than
the larger intracellular inclusions, might be more bioactive and,

Received Jan. 17, 2012; revised June 27, 2012; accepted July 8, 2012.
Author contributions: M.J.D., A.M.S., L.V.L., and T.F.O. designed research; M.J.D., R.B.D., D.M.R., H.V.M., F.M.,

P.G., and L.V.L. performed research; T.N., H.G.F., L.M.A.O., M.A.R.B.C., L.L., J.B., M.I., and A.Q. contributed unpub-
lished reagents/analytic tools; M.J.D., R.B.D., D.M.R., H.V.M., F.M., P.G., L.V.L., and T.F.O. analyzed data; M.J.D.,
R.B.D., D.M.R., H.V.M., F.M., A.M.S., L.V.L., and T.F.O. wrote the paper.

This research is supported by a Marie Curie International Reintegration Grant (Neurofold; T.F.O.), an EMBO Installation
Grant, Fundação para a Ciência e Tecnologia (FCT), PTDC/QUI/73430/2006 Grant from FCT (A.Q), PDCT/SAU-NMC/099853/
2008 from FCT (L.V.L.), PDCT/SAU-NMC/110838/2009 from FCT (A.M.S.), FCT fellowships SFRH/BD/60386/2009 (D.M.R.)
and SFRH/BD/27761/2006 (R.B.D.), FCT fellowship SFRH/BPD/64702/2009 (H.V.M.), and by the University of Rome Sapi-
enza (F.M.). We also thank Alex Kasrayan and Monica Ekberg for the production of recombinant a-syn.

*M.J.D., R.B.D., and D.M.R. contributed equally to this work.
Correspondence should be addressed to Tiago Fleming Outeiro, Department of NeuroDegeneration and Restorative

Research, University of Medizin Göttingen, Waldweg 33, 37073 Göttingen, Germany. E-mail: touteiro@gmail.com.
DOI:10.1523/JNEUROSCI.0234-12.2012

Copyright © 2012 the authors 0270-6474/12/3211750-13$15.00/0

11750 • The Journal of Neuroscience, August 22, 2012 • 32(34):11750 –11762



possibly, cytotoxic, leading not only to cell death but actually
impacting neuronal function (Spillantini et al., 1997; Lansbury
and Brice, 2002; El-Agnaf et al., 2003; Cookson, 2005; Outeiro et
al., 2007). Recent studies support the possible transmission of
a-syn pathology across different brain regions and the existence
of extracellular forms of a-syn (Lee et al., 2005; Li et al., 2008;
Hansen et al., 2011). Nevertheless, the mechanism by which ex-
tracellular a-syn impacts synaptic activity remains largely un-
known. The purpose of this work was to investigate the effects of
extracellular a-syn species on basic readouts of neuronal func-
tion, such as synaptic transmission and plasticity. For this, we
used normal rodent hippocampus as a model, and determined
the effect of the different a-syn species on the well established
long-term potentiation (LTP) paradigm. Furthermore, to dissect
the mechanisms involved, we explored the involvement of gluta-
mate receptors on the impact of a-syn on synaptic function. We
focused on NMDA and calcium-permeable AMPA receptors
since they play a major role both in synaptic plasticity and
glutamate-induced neuronal dysfunctions (Doble, 1999). In-
deed, their overactivation is a prominent synaptic event leading
to excitotoxicity (Besancon et al., 2008).

Our data show that a-syn oligomers, but not monomers or
fibrils, impair LTP and increase basal synaptic transmission
through a mechanism dependent on NMDA receptor activation.
These effects cannot simply be attributed to cytotoxicity induced
by a-syn oligomers. This is accompanied by an increase in the
expression of GluR1-containing AMPA receptors and an NMDA
receptor increased contribution. Importantly, prior delivery of a
low-frequency train could rescue LTP impairments, consistent
with the observation that LTP was saturated in slices treated with
a-syn oligomers.

In summary, we provide novel insights into the mechanisms
triggered by the accumulation of extracellular a-syn and how it
may contribute to neuronal dysfunction in PD and other
synucleinopathies.

Materials and Methods
Reagents and Materials
6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX; Ascent Scientific) and
1-naphthylacetyl spermine trihydrochloride (NASPM; Sigma-Aldrich)
were prepared as a 10 mM stock solution in water. DL-2-Amino-5-
phosphonopentanoic acid (APV; Ascent Scientific) was prepared at 50
mM stock solution in water and picrotoxin (Sigma-Aldrich) also as a 50
mM stock solution, in dimethylsulfoxide. All aliquots were kept frozen
until use.

Oligomerization of a-syn and insulin
Purified a-syn was resuspended at 2 mg ! ml "1 in water (Millipore
Milli-Q system). Monomeric sample was readily used or aliquoted and
stored at "80°C for further use. Oligomerization was induced by contin-
uous shaking for 6 d at 37°C in a Thermomixer (Eppendorf) at 1400 rpm.
Samples were ultracentrifuged and the resulting supernatant (oligomers)
readily used or aliquoted and stored at "80°C. 4-Hydroxy-2-nonenal
(HNE)-modified a-syn (a-syn HNE-oligomers) and a-syn fibrils were
prepared as previously described (Näsström et al., 2011). Human insulin
was prepared as previously (Ribero Morais et al., 2011) with the follow-
ing modifications. Human insulin was prepared in Tris-HCl 50 mM at 3
mg.ml "1, pH 3, and incubated at 42°C for 24 h in a Thermomixer (Mil-
lipore). Fibrils were separated by ultracentrifugation at 40,000 # g for 1 h
at 4°C and supernatant containing oligomers collected. Oligomer con-
centration was measured using BCA assay (Pierce).

Expression and purification of human a-syn
The expression and purification procedure of human a-syn was a modi-
fied version of a previously described method (Kessler et al., 2003).
Briefly, cells of Escherichia coli strain BL-21 (GE Healthcare) were trans-

formed by heat shock with a-syn PT7–7 construct, and expression was
induced by the addition of isopropyl D-thiogalactopyranoside (IPTG) at
a final concentration of 1 mM. Cells were harvested after 4 h incubation
with IPTG and stored overnight at "20°C. E. coli was resuspended in 50
mM Tris, pH 8.5, 50 mM KCl, 5 mM MgAc, 0.1% (w/v) NaN3, and 300 "M

phenylmethylsulfonyl fluoride, and lysed by three passages through a
French cell press. The extract was centrifuged at 18,000 # g at 4°C for 30
min to eliminate cell debris. The supernatant was saved and boiled for 20
min. The boiled extract was centrifuged at 45,000 # g at 4°C for 40 min
and the supernatant was filtered with a 0.22 mm filter to remove possible
pellet contamination. The a-syn containing extract was loaded on to an
ion-exchange chromatography Q SepharoseTM (GE Healthcare) fast-
flow column equilibrated with 20 mM Tris/HCl, pH 8.0. Proteins were
eluted with a linear NaCl gradient (0.12– 0.5 M) at a flow rate of 1.5
ml.min "1 and the eluate was monitored at 280 nm. Protein-containing
fractions were collected and probed by immunoblot analysis using Syn-1
anti-a-syn antibody (BD Transduction Laboratories). Fractions contain-
ing a-syn were collected, concentrated by centrifugation using Amicon
filters (Millipore), and applied to a gel filtration Superdex 75 column (GE
Healthcare), equilibrated with 50 mM Tris/HCl buffer, pH 7.5, contain-
ing 150 mM NaCl. Proteins were eluted with the same buffer at a flow rate
of 1 ml ! min "1. Again, fractions containing a-syn, probed by immuno-
blot, were collected and combined for dialysis against water and then
lyophilized for future analysis.

SDS-PAGE
The composition of different a-syn samples, monomers, oligomers,
HNE-oligomers, and fibrils, was evaluated by SDS-PAGE.

Total protein concentration was measured using BCA assay (Pierce).
Five micrograms of each a-syn sample was separated by SDS-PAGE using
a Tetra Cell (Bio-Rad) in a precast 4 –15% polyacrylamide gel (Bio-Rad)
using standard procedures. Proteins were transferred to a nitrocellulose
membrane (Bio-Rad) using the Mini Tans-Blot system (Bio-Rad).
Prestained standard proteins were also loaded on the gel. Membrane was
blocked for 1 h at room temperature with blocking solution (5% bovine
serum albumin in 50 mM Tris, 150 mM NaCl, 0.1% and Tween 20, pH 7.5.
The membrane was incubated overnight at 4°C with the primary anti-
body anti-a-Syn (c-20) (BD Transduction Labs) using a dilution of
1:1000 in blocking solution. Membrane was washed and incubated for
1 h at room temperature with anti-mouse-horseradish peroxide (HRP)-
conjugated secondary antibody (Invitrogen) using a dilution of 1:10,000
in blocking solution. Detection procedures were performed according to
ECL system (Millipore) with 10 s of exposure time. Films were scanned
and densitometry performed using ImageJ-Image Processing and Anal-
ysis in Java (Abramoff et al., 2004). Each immunoblot was repeated at
least three times from independent experiments.

Thioflavin T binding
The formation of oligomers and fibrils was confirmed by Thioflavin T
binding assay (Nilsson, 2004). Briefly, Thioflavin T was incubated at a
final concentration of 20 "M with 0.7 "M a-syn and insulin species in 50
mM Tris-HCl, pH 7.4. Emission wavelength scan was performed with an
excitation wavelength of 450 nm using a plate reader (Tecan Infinite
200).

Atomic force microscopy
Atomic force microscopy (AFM) was used to characterize the morphol-
ogy of a-syn species. Samples for AFM were prepared as follows: 10 "l
protein sample at a concentration of 30 "M was applied on a freshly
cleaved mica substrate previously glued to a glass coverslip and allowed
to adsorb for 5 min. Unbound protein was rinsed with 100 "l Milli-Q
water (resistivity $ 18 MW/cm) 0.22 mm filtered. The sample was then
mounted on the AFM stage in 50 "l Mili-Q water.

AFM imaging was performed with uncoated silicon nitride cantilevers
OMCL-TR800PSA-1 from Olympus with a typical stiffness of 0.57 N/m
for intermittent contact mode. The scan rate was set to %1 Hz and the
force applied on the sample was maintained at the lowest possible value
by continuously adjusting the set point and gain during the imaging. The
cantilever oscillation was turned to a frequency of 15–20 kHz. Height,
deflection, and phase-shift signals were collected and images were line
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fitted as required. Tip artifacts were ruled out by image analysis. All AFM
images have 512 # 512 pixels and are made at a typical scan speed of
0.8 mm/s.

Cell culture and species cytotoxicity assays
DMEM (DMEM & GlutaMAX II) and fetal bovine serum (FBS) were
from Invitrogen. Cytotoxicity LDH Detection Kit was from Clontech.

SH-SY5Y neuroblastoma cells were maintained in Opti-MEM and
DMEM, high glucose, and GlutaMAX II, respectively, supplemented
with 10% FBS at 37°C. Cells were plated onto 24-well plates (1.9 cm 2) at
a density of 80,000 cells/cm 2 24 h before species exposure. a-syn mono-
mers, oligomers, HNE-oligomers, and fibrils were incubated at 500 nM

for 90 min and conditioned media collected for cytotoxicity assays and
lactate dehydrogenase (LDH) activity measured in a plate reader (Tecan
Infinite 200), according to the manufacturer’s protocol.

Slice preparation
The experiments were performed in acute transverse hippocampal slices
taken from male Wistar rats (10 –12 weeks old) from Harlan Interfauna
Iberica, SL. The animals were handled according to European Commu-
nity guidelines and Portuguese law concerning animal care and were
anesthetized with halothane before decapitation.

For field extracellular EPSP (fEPSP) recordings the hippocampus was
dissected free within ice-cold artificial CSF (aCSF) solution containing in
(mM): 124 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1 MgSO4, 2 CaCl2,
and 10 D-glucose, previously gassed with 95% O2 and 5% CO2, pH 7.4.
Slices (400 "m thick) were cut perpendicularly to the long axis of the
hippocampus with a McIlwain tissue chopper and allowed to recover
functionally and energetically for at least 60 min in a resting chamber,
filled with the same solution, at room temperature (22–25°C). After
incubation with or without a-syn (or insulin) species, slices were trans-
ferred to a recording chamber for submerged slices and continuously
superfused at 3 ml.min "1 with gassed bathing solution at 32°C. There-
fore, all synaptic plasticity recordings were obtained at 32°C.

For EPSC recordings transverse slices for patch-clamp recordings (300
"m thick) were cut on a vibratome (VT 1000 S; Leica) in ice-cold dis-
secting solution containing (in mM) 110 sucrose, 2.5 KCl, 0.5 CaCl2, 7
MgCl2, 25 NaHCO3, 1.25 NaH2PO4, and 7 D-glucose, oxygenated with
95% O2 and 5% CO2, pH 7.4. Slices were first incubated in aCSF solution
for 30 min at 35°C and used after recovering for at least 60 min at room
temperature. Individual slices were fixed on a grid in a recording cham-
ber and continuously superfused at 2 ml ! min "1 at room temperature.

Slice incubation with a-syn species
Incubation with the different species of a-syn (or insulin) was carried for
90 min at room temperature in gassed aCSF and compared with incuba-
tion with vehicle in the same conditions. The length of the incubation
period relates to the main goal of the present work, which was to evaluate
the impact of sustained exposure of neurons to extracellular synuclein
upon synaptic transmission and plasticity. Pre-incubation with vehicle,
a-syn, or insulin was performed at room temperature to avoid neuronal
damage by hypoxic injury (Schiff and Somjen, 1985). The range of con-
centration chosen for a-syn incubation was based on previous data using
amyloid-# (A#) oligomers ranging from 10 to 100 nM (Shankar et al.,
2008). In a set of preliminary experiments, we tested 10 –50 nM syn in
fEPSPs but did not detect significant changes.

fEPSP recordings
Evoked fEPSPs were recorded as extracellularly through a microelectrode
filled with 4 M NaCl (2– 4 M' resistance) placed in the stratum radiatum
of the CA1 area, as previously described (Diógenes et al., 2011). The
pathway of Schaffer collateral fibers was stimulated (rectangular pulses of
0.1 ms duration) once every 15 s by a bipolar wire electrode placed on the
Schaffer fibers in the CA3 area. The initial intensity of the stimulus (300
"A) was adjusted to obtain a submaximal fEPSP slope with a minimum
population spike contamination, near one-third of the fEPSP slope ob-
tained with supramaximal stimulation. The averages of eight consecutive
fEPSPs from the Schaffer collateral CA1 pathway were obtained and
quantified as the slope of the initial phase of the potential. Recordings
were obtained with an Axoclamp 2B amplifier (Molecular Devices), dig-

itized, and continuously stored on a personal computer with the WinLTP
program (Anderson and Collingridge, 2001).

Input/output curves. Input/output (I/O) curves were performed after a
stable baseline of at least 15 min. The stimulus delivered to the slice was
decreased until no fEPSPs evoked and subsequently increased by steps of
20 "A. Data from three consecutive fEPSPs were collected for each stim-
ulation intensity. The range of all the input delivered to the slice was
typically from 60 "A to a supramaximum stimulation amplitude of 360
"A. The I/O curve was plotted as the relationship of fEPSP slope versus
stimulus intensity, which provides a measure of synaptic efficiency. The
max slope values were obtained by extrapolation upon nonlinear fitting
of the I/O curve and an F test was used to determine differences between
the parameters.

LTP induction. LTP was induced after obtaining a stable recording of
fEPSP (each fEPSP is the average of eight individual fEPSPs) slope in the
Schaffer collateral pathway for at least 30 min. LTP was induced by a
theta-burst protocol (10 trains separated by 200 ms, four pulses each, 100
Hz) in the Schaffer collaterals/CA1 synapse. The intensity of the stimulus
was kept constant throughout these induction protocols. LTP was quan-
tified as the percentage of change in the average slope of the fEPSP taken
from 46 to 60 min after LTP induction in relation to the average slope of
the fEPSP measured during the 10 min that have preceded the induction
of LTP.

For LTP saturation experiments, a second theta-burst protocol was
delivered 60 min after LTP was first induced. LTP saturation was quan-
tified by the LTP2/LTP1 ratio (LTP1: change in fEPSP slope at 46 – 60
min; LTP2: change in fEPSP slope at 106 –120 min) induced by theta-
burst stimulation in relation to baseline values.

Where indicated, LTP was induced 60 min following delivery of low-
frequency stimulation (LFS; one train of 900 pulses, 1 Hz). In these
experiments, LTP was quantified as the percentage of change in the av-
erage slope of the fEPSP taken from 46 to 60 min after LTP induction in
relation to the average slope of fEPSPs measured during the 10 min that
preceded theta-burst stimulation.

EPSC-whole-cell patch-clamp recordings
Glass micropipettes were pulled from a 1.0 mm outer diameter thin-
walled capillary tube (Warner Instruments) obtaining a resistance of 4 –7
M' when filled with an internal solution (125 mM K-gluconate, 11 mM

KCl, 0.1 mM CaCl2, 2 mM MgCl2, 1 mM EGTA, 10 mM HEPES, 2 mM

MgATP, 0.3 mM NaGTP, and 10 mM phosphocreatine, pH 7.3, 280 –290
mOsm). For AMPA and NMDA current–voltage relationship a different
intracellular solution was used [125 mM CsCl, 8 mM NaCl, 1 mM CaCl2,
10 mM EGTA, 10 mM HEPES, 10 mM D-glucose, 5 mM MgATP, and 0.4
mM NaGTP, pH 7.2, adjusted with CsOH (50 wt% in water), 280 –290
mOsm; 0.1 mM spermine was added for EPSCAMPA recordings]. Mixed
NMDA/AMPA EPSCs were recorded from CA1 pyramidal cells upon
stimulation of the Schaffer collateral fibers (0.2 ms rectangular pulses
delivered each 15 s), in the presence of glycine (50 "M) and picrotoxin (50
"M), as described previously (Dias et al., 2012). Whole-cell recordings
were performed at room temperature in voltage-clamp mode (Vh ( "80
mV, after liquid junction potential correction) with either an EPC-7 (List
Biologic) or an Axopatch 200B (Molecular Devices) amplifier, under the
control of pClamp10 software (Molecular Devices). CA1 pyramidal cells
were identified by visualization with upright microscopes (Zeiss Axios-
kop 2FS) equipped with infrared video microscopy and differential in-
terference contrast optics. Holding current and series resistance were
continuously monitored throughout the experiment, and if any varied
significantly, the experiment was discarded.

Biotinylation and immunoblot assay
Hippocampal slices were isolated and incubated with 500 nM a-syn or
with the equivalent volume of vehicle. Fresh slices were submitted to a
biotinylation technique as described previously (Dias et al., 2012) to
isolate the membrane fraction from the total fraction. Slices were washed
three times with ice-cold PBS/Ca 2&/Mg 2& washing buffer (137 mM

NaCl, 2.7 mM KCl, 4.3 mM NaH2PO4, 1 mM CaCl2, and 0.5 mM MgCl2)
and then incubated with 1 mg ! ml "1 of EZ-Link Sulfo-NHS-LC-biotin
(Sigma) resuspended in a tetraethylammonium (TEA) buffer (10 mM
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TEA, 2 mM CaCl2, and 150 mM NaCl), for 60 min at 4°C using gentle
rotation. Slices were washed with the same washing buffer and incubated
with 100 mM glycine solution for 30 min at 4°C using gentle rotation to
quench free biotin. Followed by another round of washes, slices were
finally lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM

Tris-HCl, 1 mM EDTA, 150 mM NaCl, and 0.1% SDS; 1% NP40, pH 8)
supplemented with protease and phosphatase inhibitors (Roche) using a
mechanical homogenization. Samples were centrifuged at 20,000 relative
centrifugal force for 10 min, supernatants were saved, and total protein
concentration was measured with BCA. Approximately 400 "g of total
protein of each sample was incubated with 80 "l streptavidin beads con-
jugated (Sigma) overnight with gentle rotation. Samples were centri-
fuged again and pellets were saved as membrane fraction. Pellets were
washed three times with RIPA buffer, resuspended in PBS, and heated 5
min at 95°C.

Samples were loaded onto a polyacrylamide gel (7.5%) and
SDS-PAGE separation was done as previously mentioned. Proteins were
then transferred to a nitrocellulose membrane (Bio-Rad) blocked with
blocking solution for 60 min at room temperature. Membranes were
incubated overnight at 4°C with anti-Glur1 (Millipore) primary anti-
body using a dilution of 1:1000 in blocking solution. Membranes were
washed and incubated for 60 min at room temperature with the respec-
tive HRP-conjugated secondary antibody (Invitrogen) using a dilution of
1:10,000 in blocking solution. Membranes were developed as previously
mentioned with 5 min of exposure time. Films were scanned and densi-
tometry performed using ImageJ (Abramoff et al., 2004). Each immuno-
blot was repeated at least three times from independent experiments.

Statistical analyses
The significance of the differences between the mean values obtained in
two different conditions in the same slice (e.g., absence vs presence of
APV) was evaluated by Student’s t test. The Emax values were obtained
by extrapolation upon nonlinear fitting of the I/O curve and an F test was
used to determine differences between the parameters.

For patch-clamp experiments, statistical significance was assessed by
two-tailed Student’s t test. Paired comparisons were made between ab-
solute current values before and after application of a given drug; un-
paired comparisons were applied to data from distinct experimental
groups. A p value %0.05 was considered statistically significant. All values
are expressed as mean ) SEM from n experiments.

Results
Preparation and characterization of a-syn oligomeric species
To investigate the effect of different a-syn species on neuronal
function, monomers, two types of oligomeric species (unmodi-
fied and HNE-modified oligomers) (Näsström et al., 2011), and
fibrils were prepared. Upon separation on a standard SDS-PAGE,
we confirmed that monomers migrated with a typical molecular
weight of *15 kDa (monomeric molecular weight of a-syn). Un-
modified oligomeric a-syn samples displayed a molecular weight
of $30 kDa and %180 kDa and, in contrast, a-syn HNE-
oligomers displayed a high range of molecular weights, whereas
fibrils displayed a very high molecular weight of $180 kDa (Fig.
1a). As expected, Thioflavin T interacted with a-syn oligomers,
a-syn HNE-oligomers, and fibrils (Fig. 1b). To confirm the struc-
tural properties of the different species used in the study, we also
performed AFM. While in the monomeric a-syn preparation no
detectable species were identified, the a-syn oligomers and a-syn
HNE-oligomers appeared as a heterogeneous population with
globular and protofibrillar structures identical to those described
in the literature. For the fibrillar sample, only large aggregates
were identified (Fig. 1c). To assess putative toxic actions of the
different a-syn species, we investigated their effect when applied
exogenously to SH-SY5Y neuroblastoma cells. We detected no
significant differences in the cytotoxicity induced by any of the
species tested (Fig. 1d). Moreover, we controlled a possible over-
exposure to a-syn by comparing the amount of endogenous sy-

nuclein in rat brain extracts with the extracts after incubation
with 500 nM a-syn oligomers for 90 min (Fig. 1e). Western blot
analysis revealed an enrichment in a-syn within the same
range of that found in the CSF of the A53T versus WT mice
(Emmanouilidou et al., 2011). Therefore, for the complete
study, we selected 500 nM a-syn.

a-syn oligomeric species impair LTP
To evaluate the effect of a-syn oligomers on LTP we performed
extracellular recordings of fEPSPs evoked by stimulation of
Schaffer-collaterals/CA1 glutamatergic fibers in hippocampal
slices pre-incubated with a-syn oligomers (500 nM for 90 min).
LTP was significantly reduced when compared with that ob-
served in slices treated with vehicle only (control slices) in which
the theta-burst stimulation caused a robust potentiation (LTPCtr

31.5 ) 4.6%; LTPa-syn oligomers 2.7 ) 3.9%; n ( 6 per group; p %
0.05, t test; Fig. 2a,b,f).

To assess the specificity of the effects observed with a-syn
oligomers, we tested the same concentration of insulin oligomers,
which caused no significant changes in LTP magnitude (LTPCtr

35.1 ) 14.9%, n ( 3; LTPinsulin oligomers 41.9 ) 11.0%; p $ 0.05;
n ( 3; Fig. 2g,h). There was a tendency for an increase in post-
tetanic potentiation, which did not reach statistical significance
(p ( 0.19; n ( 3). It was previously shown by others that insulin,
by itself, does not affect LTP magnitude in animals of similar age
(Zhao et al., 2010).

Stabilized a-syn HNE-oligomeric species, but not monomers
or fibrils, impair LTP
In contrast to what we observed for oligomers, pre-incubation of
hippocampal slices with a-syn monomers (500 nM for 90 min)
did not significantly alter the magnitude of LTP when compared
with control slices (LTPCtr 24.2 ) 3.6%; LTPmonomers 24.3 )
5.6%, n ( 3 per group; Fig. 2c,f). Similar results were obtained for
slices incubated with fibrillar a-syn species (LTPfibrils 40.0 )
13.0%; Fig. 2e,f). These data show that oligomeric but not
monomeric or fibrillar a-syn species influence synaptic plasticity.
Oligomeric a-syn species can undergo post-translational modifi-
cations like those prompted by oxidative stress, which give rise to
a-syn HNE-oligomers, also detected in PD brains (Friguet et al.,
1994). We then tested the effect of HNE-stabilized a-syn oligom-
ers to determine whether they elicited similar effects to those
obtained with unmodified oligomers. LTP recorded from slices
pre-incubated with a-syn HNE-oligomers (500 nM for 90 min)
had a similar magnitude to that recorded from slices treated with
the unmodified oligomeric form, which was significantly smaller
than that observed in control slices (LTPCtr 30.6 ) 1%, n ( 3;
LTPHNE-oligomers 8.8 ) 2.7%, n ( 5; p % 0.05, t test; Fig. 2d,f).

a-syn oligomers enhance basal synaptic transmission through
NMDA receptor activation
NMDA receptors are coincident detectors of high-frequency
neuronal firing and postsynaptic depolarization and their func-
tion is critical for LTP induction and expression (Bliss and
Collingridge, 1993; Collingridge et al., 2004). To investigate
whether exacerbation of NMDA receptor function was involved
in the effect of a-syn oligomeric species on LTP, slices were pre-
incubated for 90 min with an NMDA receptor antagonist, APV
(50 "M) (Morris et al., 1986), in the presence or in the absence of
a-syn oligomers. APV was washed out together with a-syn oli-
gomers before recording any synaptic events. This pretreatment
with APV blocked the disruption of LTP induced by a-syn-
oligomers and resulted in LTP levels similar to those obtained in
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the control (LTPa-syn oligomers&APV 27.9 )
8.3%, n ( 4). Pretreatment with APV
alone did not affect LTP magnitude
(LTPCtr&APV 29.8 ) 6.3%, n ( 5; Fig. 3
a,b). Similarly, the decrease in LTP mag-
nitude observed upon treatment with
a-syn HNE-oligomers was fully recovered
by pre-incubating slices with 50 "M APV
(LTPHNE-oligomers&APV 22.7 ) 1.4%; n (
3; Fig. 3c,d). In contrast, coincubation of
a-syn-treated slices with calcium-permeable
AMPA receptor antagonist (NASPM, 100
"M) was unable to restore LTP. These data
suggest that, during incubation with a-syn
HNE-oligomers, activation of NMDA re-
ceptors (but not calcium-permeable AMPA
receptors) is required for subsequent LTP
impairments.

To evaluate whether the changes ob-
served in LTP magnitude in the presence
of either unmodified or HNE-modified
a-syn oligomers could be due to changes
in baseline synaptic efficiency, I/O curves
were performed. a-syn-treated slices dis-
played higher Emax values when com-
pared with vehicle (EmaxCtr ( 1.2 ) 0.04
mV/ms, n ( 5; Emaxa-syn oligomers ( 2.0 )
0.04 mV/ms, n ( 6; p % 0.05, F test; Fig.
4a). As expected, similar results were
obtained in the I/O curves from slices
pre-incubated with HNE-modified a-syn
oligomers.

To assess the involvement of NMDA
receptors in facilitation of baseline synap-
tic efficiency, APV (50 "M) was added to
the incubation solution together with
a-syn oligomers (unmodified or HNE) for
90 min. Again, APV was washed away
together with a-syn oligomers before
recording of synaptic events. This pre-
incubation with APV completely pre-

Figure 1. Characterization of a-syn species and biological effects. a, SDS-PAGE separation of the different a-syn species (mono-
mers, oligomers, HNE-oligomers, and fibrils). Monomers migrate with monomeric molecular weight (15 kDa) whereas a-syn

4

oligomers, a-syn HNE-oligomers, and fibrils display SDS-
resistant high molecular weight species. b, Thioflavin T nor-
malized fluorescence assay in the presence of the different
a-syn species with excitation and emission wavelengths of 450
and 490 nm, respectively. The a-syn oligomers, a-syn HNE-
oligomers, and fibrils interacted with Thioflavin T, suggesting
that they display an increased #-sheet structure, typical of
oligomeric and fibrillary species. c, AFM analysis of the differ-
ent a-syn species. No detectable species are shown for mono-
mers; a-syn oligomers and a-syn HNE-oligomers appeared as a
heterogeneous population with globular and protofibrillar
structures; fibrils displayed fibrillary structures. Scale bar, 500
nm. d, Cytotoxicity of a-syn species in SH-SY5Y cells. LDH ac-
tivity of SH-SY5Y cells incubated with different a-syn species.
LDH release was expressed as relative levels of nontreated
(Ctrl) samples. Data are expressed as mean ) SD, n ( 3. e, To
control a possible overexposure to a-syn we performed immu-
noblot analysis comparing endogenous a-syn to that from hip-
pocampal slices treated with a-syn oligomers (500 nM; 90
min). We detected an increment of *15% incorporation in
the slices exposed to exogenous a-syn.
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vented the shift observed in the I/O curve of a-syn oligomer-
treated slices (Emaxa-syn oligomers&APV ( 0.9 ) 0.02 mV/ms; n (
4 per group; Fig. 4a) as well as in a-syn HNE-oligomer-treated
slices. This suggests that NMDA receptors might be contributing
to basal synaptic transmission in a-syn oligomer-treated slices.
Pre-incubation with APV alone had no effect on I/O curves in the
absence of oligomers (n ( 3). The acute influence of APV applied

during recordings of fEPSPs was therefore
evaluated. Adding APV to the recording
chamber for 30 min induced a progressive
and significant decrease ( p % 0.05, t test)
of fEPSP slope in a-syn oligomer-treated
slices (unmodified: fEPSP 13.9 ) 2.8%, n (
4; Fig. 4b,c; HNE: fEPSP 13.3 ) 1.6%; n ( 3;
Fig. 4c), but not in control slices (Fig. 4c).

a-syn HNE-oligomers increase the
NMDA component of synaptic
transmission
To further dissect the mechanism through
which a-syn oligomers affect synaptic
transmission, whole-cell patch-clamp re-
cordings of afferent-evoked EPSCs were
performed from CA1 pyramidal neurons
(Vh ( "80 mV), in the presence of extra-
cellular Mg 2& (1 mM), glycine (50 "M),
and the GABAA receptor antagonist pi-
crotoxin (50 "M; Fig. 5). In agreement
with the fEPSP data, APV superfusion sig-
nificantly inhibited EPSCs recorded from
slices treated with 500 nM a-syn HNE-
oligomers for 90 min (EPSCCtr 101 )
1.1% of the baseline; EPSCHNE-oligomers

81.4 ) 2.9% of the baseline; n ( 11 per
group; p % 0.05, t test; Fig. 6a–c). Further-
more, superfusion of the AMPA/kainate re-
ceptor antagonist CNQX (10 "M; 20–25
min) revealed a residual EPSC component
that was significantly larger in slices treated
with a-syn HNE-oligomers (EPSCCtr 6.9 )
1.1% of the baseline; EPSCHNE-oligomers

14 ) 2.1% of the baseline; n ( 7 per
group; p % 0.05, t test) and was blocked by
APV (Fig. 6f– h). Similar modulatory ef-
fects were also observed when using oligo-
meric unmodified species both for APV
(EPSCCtr 100 ) 1.7% of the baseline;
EPSCa-syn oligomers 84 ) 2.9% of the baseline;
n ( 4 per group; p % 0.05, t test; Fig. 6d,e)
and CNQX application (EPSCCtr 3.8 ) 0.7%
of the baseline; n ( 6; EPSCa-syn oligomers

9.7 ) 1.8% of the baseline; n ( 4; p % 0.05,
t test; Fig. 6i,j).

To investigate possible changes in the
gating properties of NMDA receptors,
current–voltage (I-V) relationships were
performed in the presence of CNQX (10
"M) to isolate the NMDA component of
the EPSCs. The voltage-dependency of
NMDA receptor activation, including
current rectification at negative holding
potentials, was similar in control and a-syn
HNE-oligomer-treated slices (EPSC"90 mV/

EPSC&40 mv ratio: 0.7 ) 0.2 in control, n ( 5; 0.6 ) 0.1 in a-syn
HNE-oligomers, n ( 7; Fig. 7a–c). No significant changes in resting
membrane potential or in input resistance values were observed be-
tween conditions. The absence of changes in current–voltage rela-
tionships from control and treated neurons indicates that treatment
with a-syn HNE-oligomers does not affect NMDA receptor proper-
ties. Importantly, higher stimulus intensities (near twofold increase)

Figure 2. a-syn oligomeric species impair LTP. a, Changes of fEPSP slope induced by theta-burst stimulation in control slices (E,
n ( 6) and in slices pre-incubated with a-syn oligomeric species (F, n ( 6, 500 nM; 90 min). b, Traces from representative
experiments obtained before (1) and 46 – 60 min after (2) LTP induction, composed of the stimulus artifact followed by the
presynaptic volley and the fEPSP. c, Changes in fEPSP slope induced by theta-burst stimulation in control slices (E, n ( 3) and in
slices pre-incubated with a-syn monomeric species (F, n ( 3, 500 nM; 90 min). d, Changes of fEPSP slope induced by theta-burst
stimulation in control slices (E, n ( 3) and in slices pre-incubated with a-syn HNE-oligomers (F; n ( 5) (500 nM; 90 min). e,
Changes of fEPSP slope induced by theta-burst stimulation in control slices (E, n ( 3) and in slices pre-incubated with a-syn fibrils
(F, n ( 3, 500 nM; 90 min). f, LTP magnitude (change in fEPSP slope at 46 – 60 min) induced by theta-burst stimulation in relation
to pre-theta-burst values (100%) in control slices and those that had been pre-incubated with a-syn oligomeric species (500 nM; 90
min), a-syn monomers (500 nM; 90 min), and a-syn fibrils (500 nM; 90 min) as indicated below each column. All values are mean )
SEM. g, Changes of fEPSP slope induced by theta-burst stimulation in control slices (E, n ( 3) and in slices pre-incubated with
insulin oligomeric species (F, n ( 3, 500 nM; 90 min). h, Plot of the LTP magnitude (change in fEPSP slope at 46 – 60 min) induced
by theta-burst stimulation in relation to pre-theta-burst values (100%) from experiments shown in g as indicated below each
column. All values are mean ) SEM.
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were required to elicit NMDA-mediated EPSCs of comparable size
in control slices than in a-syn HNE-oligomer-treated slices, in agree-
ment with an a-syn HNE-oligomer-induced increase in the contri-
bution of NMDA receptors for basal synaptic transmission (Fig. 6).
It should also be noted that NMDA-mediated EPSCs could be re-
corded even at hyperpolarized potentials, despite the presence of
extracellular magnesium (Fig. 7). In fact, NMDA receptor voltage-
dependent blockade by magnesium at resting potentials is not abso-

lute (Espinosa and Kavalali, 2009) and both increased extracellular
availability of glutamate as well as increased receptor levels could
account for the observed gain of function. Together, these data sug-
gest that increased contribution of NMDA receptors to synaptic
transmission by treatment with a-syn HNE-oligomers does not in-
volve alterations in NMDA receptor gating.

An alternative mechanism that could explain the LTP impair-
ment is the possibility that enhanced NMDA receptor-mediated
signaling under basal conditions leads to LTP saturation. To di-
rectly address this hypothesis, we performed LTP saturation ex-
periments in which a second induction of LTP (LTP2) was
elicited 60 min after the first one (LTP1). In contrast to what was
observed in control conditions, delivery of a second theta-burst
protocol to slices treated for 90 min with a-syn HNE-oligomers
produced no facilitation above baseline (pre-theta-burst stimu-
lation) values (LTP2/LTP1CTR ratio: 1.8 ) 0.1 n ( 3; LTP2/
LTP1HNE-oligomers ratio: 0.87 ) 0.4, n ( 3; p % 0.05, Fig. 5a,b). In
a subsequent set of experiments, we further found that a-syn
HNE-oligomer-induced LTP saturation could be reversed by de-

Figure 3. The LTP impairment induced by unmodified and HNE a-syn oligomers is fully
recovered by NMDA receptor blockade. a, Changes in fEPSP slope induced by theta-burst stim-
ulation in slices pre-treated for 90 min with the NMDA receptor antagonist, APV (50 "M), with
(n ( 4) or without (n ( 5) a-syn oligomeric species (*p % 0.05, t test). b, Plot of the LTP
magnitude (change in fEPSP slope at 50 – 60 min) induced by theta-burst stimulation in rela-
tion to pre-theta-burst values (100%) from experiments shown in a as indicated below each
column. c, Changes in fEPSP slope induced by theta-burst stimulation in slices pretreated for 90
min with the NMDA receptor antagonist, APV (50 "M), with (n ( 4) or without (n ( 3) HNE
a-syn oligomers (*p % 0.05, t test). In a and c the ordinates represent normalized fEPSP slopes
where 100% corresponds to the averaged slopes recorded for 10 min before theta-burst stim-
ulation and the abscissae represent the time (min). d, Plot of the LTP magnitude (change in
fEPSP slope at 46 – 60 min) induced by theta-burst stimulation in relation to pre-theta-burst
values (100%) from experiments shown in c as indicated below each column. All values are
mean ) SEM.

Figure 4. a-syn oligomers enhance basal synaptic transmission in the hippocampus. a, I/O
curves corresponding to responses generated between fiber volley amplitude and fEPSP slope
evoked by various stimulation intensities (60 –300 "A) in control slices (E, n ( 5), slices
treated with a-syn oligomers (F, n ( 6) (500 nM, 90 min) and slices treated with a-syn oligom-
ers (", n ( 4) coincubated with 50 "M APV. The increase in synaptic transmission induced by
a-syn oligomers was completely recovered by coincubation with APV (*p % 0.05, ANOVA F
test). b, Averaged time course of changes in fEPSP slope after superfusion with APV for 30 min,
in slices treated with (F, n ( 4) or without (E, n ( 4) a-syn oligomeric species (500 nM, 90
min) (*p % 0.05, t test). In slices treated with a-syn oligomers the acute application of APV
induces a decrease in the EPSP slope. c, Averaged fEPSP (change in slope from the last 10 min of
APV application) from acute APV superfusion experiments as indicated below each column. All
values are mean ) SEM.
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livery of LFS, 60 min before inducing LTP (LTPHNE-oligomers

12.4 ) 3.3%, n ( 4; LTPHNE-post LFS 40.1 ) 8.9%, n ( 4; p % 0.05;
Fig. 5c,d). These findings are consistent with common substrates
underlying bidirectional synaptic plasticity, namely with the abil-
ity for both theta-burst stimulation and LFS to affect the phos-
phorylation status and membrane levels of GluR1-containing
AMPA receptors (Lee et al., 2000) and point toward involvement
of AMPA receptors in the synaptic dysfunctions induced by a-syn
HNE-oligomers. Since it is not necessary to activate AMPA re-
ceptors during incubation with a-syn HNE-oligomers (see
above), they might be involved downstream in the cascade of
injury induction.

a-syn HNE-oligomers alter AMPA receptor
subunit composition
Changes in synaptic efficiency and plasticity also rely upon
tuning of the synaptic AMPA receptor component (Bliss and
Collingridge, 1993). GluR2-lacking AMPA receptors are charac-
terized by a high permeability to calcium and strong inward cur-
rent rectification due to voltage-dependent block by intracellular
polyamines (Donevan and Rogawski, 1995), which allows their
distinction from GluR2-containing AMPA receptors while per-
forming current–voltage relationships in the presence of APV (to
isolate the AMPA component of EPSCs). Current rectification
at positive potentials was markedly increased in a-syn HNE-
oligomer-treated neurons, when compared with control
(EPSC&40 mV/EPSC"60 mV ratio: 0.47 ) 0.07 in control, n ( 11;
0.18 ) 0.03 in a-syn HNE-oligomers, n ( 9; p % 0.05, t test;
Fig. 7d–f ). The increased contribution of inwardly rectifying
GluR2-lacking AMPA receptors for synaptic transmission in
slices treated with a-syn HNE-oligomers was further con-
firmed by bath application of NASPM (100 "M), a selective
blocker of AMPA receptors (McElligott et al., 2010). Indeed,
NASPM superfusion for 20 min significantly decreased EPSC am-
plitude recorded from a-syn HNE-oligomer-treated neurons, but
not from control neurons (EPSCCtr 100 ) 0.9% of the baseline;
EPSCHNE-oligomers 80.9 ) 1.6% of the baseline; n ( 6 per group; p %
0.05, t test; Fig. 7g–j). NASPM was also devoid of effect upon neu-
rons that had been simultaneously incubated with a-syn HNE-
oligomers and APV (50 "M; 99.4 ) 1.1%; n ( 4; Fig. 7i,j),
suggesting that changes in AMPA receptor subunit composition
are downstream to NMDA receptor activation.

a-syn HNE-oligomers induce an increase in GluR1 AMPA
receptors levels
In the mature hippocampus, most GluR2-lacking AMPA recep-
tors are thought to correspond to homomeric assemblies of
GluR1 subunits (Wenthold et al., 1996). To evaluate the surface
membrane expression of GluR1 subunits, we combined biotiny-
lation assays with immunoblot analysis. Our data showed that in
slices incubated with a-syn HNE-oligomers there was a signifi-
cant increase in GluR1 expression ($1.7) in the membrane frac-
tion (n ( 3; p % 0.05, t test, normalized to the total lysate values;
Fig. 7k,i).

Discussion
Protein misfolding and aggregation are key events in several neu-
rodegenerative disorders such as PD and Alzheimer’s disease.
Oligomeric species of the proteins implicated in these diseases,
rather than the fibrillar forms, seem to be the more bioactive and,
possibly, cytotoxic (Lansbury and Brice, 2002; El-Agnaf et al.,
2003; Cookson, 2005; Outeiro et al., 2007; Martin et al., 2012). In

Figure 5. Treatment with HNE-oligomers induces LTP saturation, which is reversed by
prior LFS. a, Changes of fEPSP slope induced by two consecutive theta-burst stimulations
in a representative control slice (E) and in a slice pre-incubated with a-syn oligomeric
species (F, 500 nM; 90 min). b, LTP2/LTP1 ratio (LTP1: change in fEPSP slope at 46 – 60
min; LTP2: change in fEPSP slope at 106 –120 min) induced by theta-burst stimulation
in relation to baseline values (100%; "10 to 0 min) in control slices (n ( 3) and those
that had been pre-incubated with HNE a-syn oligomeric species (n ( 3; 500 nM; 90 min)
(*p % 0.05, t test). c, Changes of fEPSP slope induced by theta-burst stimulation in slices
treated with HNE a-syn oligomers (500 nM; 90 min) with F, n ( 4) or without (E, n ( 4)
previous delivery of a LFS protocol, which decreased synaptic transmission by 8.3 ) 6.8
(n ( 4). d, LTP magnitude (change in fEPSP slope at 46 – 60 min) induced by theta-burst
stimulation in relation to pre-theta-burst values (100%) in slices pre-incubated with HNE
a-syn oligomeric species (500 nM; 90 min) with (n ( 4) or without (n ( 4) previous
delivery of a LFS protocol as indicated below each column. *p % 0.05, t test. All values are
mean ) SEM.
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Figure 6. Treatment with a-syn oligomers is associated with an increased NMDA component of synaptic transmission. a, APV (50 "M, 20 min) significantly decreased EPSC amplitude in a-syn HNE-oligomer-treated
neurons(F)butnotincontrolones(E),asevidencedbyrepresentativecurrenttracesshowninb.TheeffectofAPVisillustratedastheevokedEPSCamplitudeafterAPVapplicationnormalizedtothebaselineperiod(c).(*p%
0.05,ttest,n(11pergroup).d,APV(50"M)superfusionfor20mindecreasedEPSCamplitudeinneuronstreatedwitha-synoligomers(F)butnotincontrolneurons(E).e,AverageeffectsofAPVsuperfusionareillustrated
astheEPSCamplitudeafterdrugapplicationnormalizedtothebaselineperiod.( p%0.05,n(4pergroup).f,BlockadeofEPSCsbyCNQX(10"M,20 –25min)wasvirtuallycompleteincontrolneurons(E)butnotinthose
treatedwitha-synHNE-oligomers(F),wheresmall residualcurrentscouldsubsequentlybeblockedbyAPV.Representativecurrenttracings(g)areshownforeachcondition,correspondingtothebaselineperiodandupon
CNQXsuperfusion(controlandtreatedneurons);tracingsrecordedafterAPVsuperfusionareadditionallyshownforHNEa-synoligomer-treatedneurons.h,ResidualcurrentsrecordedinthepresenceofCNQX,normalizedto
thebaselineperiod,weresignificantlylargerina-synHNE-oligomer-treatedneuronscomparedwithcontrolones(n(7pergroup;*p%0.05,ttest).i,EPSCblockadebyCNQX(10"M,20 –25min)wasvirtuallycompletein
controlneurons(E)butnotinthosetreatedwitha-synoligomers(F)wheresmallresidualcurrentsweresubsequentlyblockedbyAPV.j,ResidualcurrentsrecordedinthepresenceofCNQX,normalizedtothebaselineperiod,
weresignificantly larger ina-synoligomer-treatedneurons(n(4)thanincontrolones(n(6)(*p%0.05, t test).
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addition, the levels of HNE-modified a-syn are increased in LBs
in the brains of PD patients (Yoritaka et al., 1996; Castellani et al.,
2002). Previous studies showed that monomeric species of A#
peptide (A#1– 42) are neuroprotective while oligomeric and fibril-

lary species are toxic and impair LTP (Townsend et al., 2006;
Selkoe, 2008; Shankar et al., 2008; Giuffrida et al., 2009) suggest-
ing similarities in the mechanism of action of these amyloido-
genic proteins. Nevertheless, the mechanisms by which different

Figure 7. a-syn HNE-oligomers induce changes in AMPA receptor subunit composition. a, Normalized EPSCNMDA current–voltage relationships recorded from neurons in control conditions (E, n (5) and
after incubation with a-syn HNE-oligomers (F, n ( 7), in the presence of CNQX (10 "M). b, Representative EPSCNMDA traces recorded at &40 and "90 mV for each condition. c, Rectification index values
(EPSC"90 mV/EPSC&40 mV) for NMDA receptor-mediated EPSCs calculated from control and a-syn HNE-oligomers.d, Plots of normalized EPSCAMPA current–voltage relationships recorded in the presence of APV
(50 "M) from control (E, n ( 11) and a-syn HNE-oligomer-treated (F, n ( 9) treated slices. e, Representative EPSCAMPA traces recorded at &40 and "60 mV from control and a-syn HNE-oligomers. f,
Rectification index values (EPSC&40 mV/EPSC"60 mV) for AMPA receptor-mediated EPSCs calculated from control and a-syn HNE-oligomers treated neurons (*p % 0.05, t test). g, h, i, Plots of individual EPSC
amplitudes before and after NASPM (100"M, 20 min) superfusion. NASPM significantly decreased EPSC amplitude in a-syn HNE-oligomer-treated neurons (F, n(6) but not in control ones (E, n(6) nor in
those coincubated with HNE-oligomers and APV (50"M) (F, n(4). j, Effect of NASPM illustrated as the averaged EPSC amplitude after NASPM superfusion normalized to the baseline period (*p%0.05, t test).
All values are mean ) SEM. k, Immunoblot analysis of samples from rat hippocampal slices incubated with a-syn HNE-oligomers (500 nM; 90 min) and control, were submitted to biotinylation technique and
immunoblotted with anti-GluR1 antibody. In samples incubated with a-syn HNE-oligomers it is possible to detect an increment in the membrane fraction of GluR1 subunit levels. l, Quantification of three
independent experiments. Statistically significant values (*p % 0.05 t test) are normalized to those of total fraction.
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a-syn species cause sustained changes in synaptic transmission
had not been previously explored.

Our findings demonstrate that prolonged treatment with
a-syn oligomers, but not monomers or fibrils, caused a long-
lasting increase in hippocampal basal synaptic transmission
through NMDA receptor activation, triggering enhanced contri-
bution of calcium-permeable AMPA receptors for synaptic trans-
mission and LTP impairment. Prior delivery of an LFS train
rescued LTP in treated slices, consistent with our observation that
LTP was saturated in slices incubated with HNE a-syn oligomers.
Importantly, our data suggest that the effects are not simply due
to increased cytotoxicity of the oligomeric species, or to acute
actions of a-syn on synapses. Acute influences of a-syn have al-
ready been tested using autaptic hippocampal cultures (Hüls et
al., 2011) and the major findings are consistent with an early
increase in excitability.

We found that different species of a-syn have distinct effects
on synaptic activity. Whereas fibrils and monomers did not affect
synaptic function, pre-incubation of hippocampal slices with
a-syn oligomeric species resulted in exacerbated synaptic trans-

mission, reflected in the steeper I/O curve. On the other hand,
synaptic plasticity was compromised since LTP induced by theta-
burst stimulation was impaired. These effects were detected with
two different preparations of a-syn oligomeric species, including
HNE-stabilized oligomers, a post-translationally modified form
detected in PD brains (Friguet et al., 1994). This effect seems to be
related to the specific properties of a-syn, since oligomeric species
of insulin, another fibrillization-prone protein, did not induce a
similar effect.

The increase in synaptic transmission and abolishment of LTP
induced by a-syn oligomeric species required NMDA receptor
activation, since both effects were prevented by APV, a selective
antagonist of this glutamate receptor subtype. This suggests
that a-syn oligomers were exacerbating NMDA receptor activa-
tion, as already seen for A# oligomers (Kelly and Ferreira, 2006).
To address this hypothesis, we studied the contribution of
NMDA receptors for basal synaptic transmission, known to be
minimal under physiological conditions. Indeed, NMDA recep-
tor blockade had no noticeable effect in untreated slices, but it
significantly inhibited synaptic transmission in a-syn-treated

Figure 8. Model for LTP impairment induced by a-syn oligomers in CA1 pyramidal synapses. a, Under physiological conditions, theta-burst stimulation (TBS) induces Ca 2& influx through NMDA
receptors into the postsynaptic cell and the activation of calmodulin (CaM). Through currently unknown mechanisms, Ca 2&/CaM activates Ca 2&/CaM-dependent protein kinase II (CaMKII), which
modulates synaptic efficiency through phosphorylation of GluR1 subunits. In addition to prompting an enhancement in single-channel conductance, CaMKII promotes the trafficking and transient
insertion of calcium-permeable AMPA receptors into the postsynaptic membrane, thought to be critical for the induction and/or stabilization of LTP. b, When exposed to a-syn oligomers, synapses
lose the ability to respond to theta-burst stimulation. In resting synapses, the oligomers are able to activate, either directly or indirectly, the NMDA receptors, leading to an increase of NMDA channel
contribution to transmission. This promotes a basal increase in the intracellular calcium and modulation of AMPA receptor trafficking, favoring the insertion of higher conductance calcium-
permeable versus GluR2-containing AMPA receptors that facilitates basal synaptic transmission. Whenever activated by a theta-burst, the synapse is saturated and unable to recruit extra AMPA
receptors, which translates into impaired long-term potentiation.
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slices. Notably, this was even observed in neurons clamped at
negative ("80 mV) membrane potentials, which physiologically
restrains NMDA receptor activation. Although this increase in
NMDA receptor-mediated transmission was not accompanied
by a shift in the channel-gating properties, it does not exclude the
occurrence of other modifications underlying the observed gain
of function. Because these receptors play a crucial role in synaptic
plasticity (Bliss and Collingridge, 1993; Collingridge et al., 2004),
disrupted NMDA receptor function is expected to affect the abil-
ity of individual synapses to undergo reinforcement in response
to high-frequency neuronal firing. This could occur through ei-
ther an inability of the receptor to function as a coincidence
detector or through anomalous NMDA receptor-mediated sig-
naling upstream of transduction pathways leading to an enhance-
ment of synaptic strength that prevents further facilitation. While
the first hypothesis is discouraged by the absence of changes in
the I-V plots of neurons from HNE a-syn oligomer-treated slices,
the second hypothesis is favored by the observation that LTP was
saturated in a-syn HNE-oligomer-treated slices and that prior
delivery of a standard LFS train was able to rescue LTP back to
control levels (Fig. 8).

NMDA receptor activation is critical for determining the ex-
pression level and composition of AMPA receptors at the post-
synaptic membrane (Bliss and Collingridge, 1993; Martin et al.,
2000; Collingridge et al., 2004), through which significant alter-
ations of synaptic transmission and plasticity are achieved (Plant
et al., 2006; Guire et al., 2008). For instance, in neurons overex-
pressing the GluR1 subunit, prompting the formation of
calcium-permeable GluR1 homomeric receptors, LTP rapidly
decays to the baseline within 20 min while cells expressing
GluR2-containing AMPA receptors exhibit large and sustained
LTP (Shi et al., 1999; Collingridge et al., 2004). Interestingly, our
results revealed an increase in the expression of GluR1-
containing receptors upon treatment with a-syn HNE-oligomers,
accompanied by an increase in the contribution of calcium-
permeable AMPA receptors for basal synaptic transmission. This
was further corroborated by the EPSC inhibition caused by
NASPM, a blocker of GluR2-lacking AMPA receptors. These
changes might contribute to LTP impairment since a proper bal-
ance of GluR1 and GluR2 subunits is critical for LTP induction
and maintenance. Indeed, calcium-permeable GluR2-lacking
AMPA receptors are required to trigger their replacement with
GluR2-containing AMPA receptors, which underlie synaptic sta-
bilization (Pozo and Goda, 2010). It is therefore plausible that, by
increasing the synaptic expression of GluR2-lacking receptors,
a-syn oligomers compromise AMPA receptor remodeling neces-
sary for synaptic reinforcement (Fig. 8). This effect seems to be
dependent on activation of NMDA receptors, since acute EPSC
inhibition by NASPM was lost when slices were coincubated with
a-syn HNE-oligomers and APV. Importantly, calcium entry
through NMDA and GluR2-lacking AMPA receptors plays a
prominent role not only in plasticity, but also in the excitotoxicity
phenomena known to be involved in the pathogenesis of several
conditions such as stroke, epilepsy, and several neurodegenera-
tive diseases (Lipton and Rosenberg, 1994; Doble, 1999). Hence,
the present results may help shed light into the mechanisms by
which extracellular a-syn oligomers may trigger neuronal dys-
function and death. The toxicity induced by a-syn oligomers
might be a consequence of enhanced Ca 2& influx through
NMDA receptors (Kelly and Ferreira, 2006; Martin et al., 2012).
Recently, it was shown that soluble A# oligomers affect GluR1
phosphorylation and AMPA receptor trafficking through in-
creased calcium influx and activation of calcium-dependent

phosphatase calcineurin (Miñano-Molina et al., 2011). Our data
fully support a similar mechanism for a-syn oligomers.

Moreover, since ionotropic glutamate receptors also play a
key role in regulating the strength of corticostriatal excitatory
synapses, their abnormal activation might be also involved in the
alteration of neuronal firing patterns in certain regions of the
basal ganglia and significantly contribute to the motor symptoms
associated with PD (Wenthold et al., 1996; Hallett and Standaert,
2004; Mullasseril et al., 2010).

Altogether, our findings provide important insight into the
mechanisms associated with chronic accumulation of extra-
cellular a-syn oligomeric species and might contribute to the
understanding of the neuronal dysfunction observed in PD
and other synucleinopathies, opening novel avenues for ther-
apeutic intervention.
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