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Oligomeric alpha-synuclein causes early
synaptic dysfunction of the corticostriatal
pathway associated with non-motor
symptoms
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In synucleinopathies, α-synuclein oligomers (OSyn) appear to be associated with neurodegeneration,
neurotoxicity, and proinflammatory responses, even at low concentrations, suggesting their pivotal
role in the pathogenesis of Parkinson’s disease (PD). We utilized a rat model of synucleinopathy
induced by intrastriatal injection of OSyn, aiming to elucidate events preceding the formation of
fibrillary α-syn aggregates. Electrophysiological assessments and behavioral assays revealed several
early alterations in OSyn rats, evident as early as 12 weeks post-OSyn injection. These included mild
and variable reduction ofmotor activity, anxiety-like behavior, impaired bidirectional striatal long-term
synaptic plasticity, and diminished spontaneous excitatory neurotransmission in the striatum.
Furthermore, p-α-syn aggregates were detected in the cortex but not in the substantia nigra (SN).
Confocal microscopy analysis revealed reduced vesicular glutamate transporter 1 (VGluT1)
expression at striatal glutamatergic terminals. Chronic administration of the ampakine Tulrampator to
OSyn animals prevented impairment of long-term depression (LTD), spontaneous striatal
neurotransmission, and VGluT1 levels. Tulrampator also ameliorated the anxiety-related behavioral
phenotype, albeit without attenuating motor deficits, demonstrating its efficacy in mitigating early
synaptic and emotional deficits induced by OSyn. These findings provide a basis for a novel drug
treatment strategy aimed at mitigating or delaying early damage at cortico-striatal terminals induced
by OSyn, thereby counteracting the pathophysiological processes underlying the onset of early non-
motor symptoms in PD.

Neurodegenerative diseases characterized by protein accumulation within
the central nervous system(CNS) often initiatewith the aggregationof small
molecules, such as amyloid-β or alpha-synuclein (α-syn) proteins, which
can precipitate major disorders like Alzheimer’s disease and Parkinson’s
disease (PD)1. The pathophysiological processes underlying these condi-
tions are intricate, typically initiating with synaptic and/or inflammatory
events localizedwithin specificCNSregions2,3. InPD, the accumulationofα-
syn aggregates in the basal ganglia initiates early pathological responses at
the synaptic level. Injection of α-syn pre-formed fibrils into critical

structures like the nucleus striatum or the substantia nigra has been
demonstrated to induce molecular, electrophysiological, and behavioral
changes in rodents, mirroring the pathological features observed in human
PD2,4–6. Within synucleinopathies, α-syn is believed to exist in a dynamic
equilibrium, encompassing both α-syn oligomers (OSyn) and more
aggregated forms. Oligomeric α-syn has been linked to in vivo neurode-
generation and has been shown to induce in vitro neurotoxicity and
proinflammatory responses in glial cells, even at low concentrations5,7–11.
Presently, it remains uncertain whether the neurotoxic effects exerted by α-
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syn aggregates stem from the presence of dispersed oligomeric species,
heralding the formation of fibrillary α-syn.

In synucleinopathies, synaptic structures are among the earliest targets
of α-syn-induced damage5,12,13, with OSyn emerging as the primary toxic
species responsible for functional impairment5,14,15. Early synaptic dys-
functionoccurs at both cortical and subcortical levels, including impairment
of noradrenergic and serotoninergic systems, and contributes to prodromal
manifestations of PD such as sleep and mood disorders16–19. However, the
precise pathophysiological mechanisms linking the presence of low mole-
cular weight α-syn aggregates to the onset of motor and non-motor
symptoms in PD remain to be fully elucidated.

To delineate the events occurring during the initial stages of α-syn
spreading and evaluate the in vivo relevance of OSyn in the development of
motor and non-motor symptoms, we employed a rat model induced by
intrastriatal injection of OSyn (Fig. 1A, B). This model aims to capture a
pathogenic scenario preceding the formation of fibrillary α-syn aggregates.
Characterizing pathogenetic events in this model may offer critical insights
and facilitate the identification of novel molecular targets in synucleino-
pathies, ameliorating the related natural progression.

Results
OSyn rats show early abnormalities of motor activity and
increased anxiety-like behavior
To test whetherOSyn injection affected rats’ locomotion, OSyn- and sham-
injected animals were tested in the open-field apparatus (Fig. 1C). OSyn-
injected rats exhibited a notable reduction, albeit mild and variable, in both
the mean number of sector crossings and the time spent in the center of the
arena by 32.3% and 70.6%, respectively (p < 0.05), accompanied by a sig-
nificant increase in immobility time by 260% (p < 0.05), compared to sham-
injected animals (Fig. 1C).

No discernible differences in overall vertical activity (Fig. 1C) and
groomingwere observed (Fig. S1A). To further explore potential behavioral
abnormalities, animals were also monitored within their home cages (Fig.
1D) (see methods). Consistently, locomotor activity was found to be com-
promised in OSyn rats, as evidenced by a significant 72.4% increase in
immobility time compared to sham animals (p < 0.05). Conversely, no
alterations in grooming, rearing (Fig. 1D), or sifting activities (Fig. S1B)were
noted in OSyn-injected rats.

Long-term bidirectional striatal synaptic transmission is altered
in OSyn-injected rats
The observed behavioral modifications in OSyn rats may stem from the
direct impact of α-syn aggregates on glutamatergic synaptic function within
the striatum. This impact could manifest at the postsynaptic level or by
influencing terminals projecting to the striatum. Initially, we investigated
potential deficits in synaptic plasticity through patch-clamp recordings of
spiny projection neurons (SPNs) in the dorsolateral striatum (Fig. 2A).
While no changes were noted in the basal membrane electrical properties
(Fig. S2), significant modifications in both long-term potentiation (LTP)
and long-term depression (LTD) were observed in OSyn rats. Specifically,
LTP was reduced by 23.0% compared to sham-operated rats (p < 0.01, Fig.
2A), while LTD was reduced by 22.75% (p < 0.001, Fig. 2B).

Alpha-syn aggregates are detected in the cortex but not in the
substantia nigra of OSyn rats
The observed behavioral changes and synaptic plasticity deficits in OSyn
ratsmay be indicative of the presence of aggregated α-syn species within the
brain tissue. To investigate this further, immunofluorescence analysis was
performed on brain slices from OSyn and sham rats to detect potential
phosphorylated α-synuclein (p-α-syn) aggregates. Results revealed the
presence of p-α-syn aggregates in layer V of different cortical regions,
including the motor cortex (p < 0.05, Figs. 2C, E and S3A) but not in the
substantia nigra of OSyn rats (Fig. 2D, E), suggesting a potential impact on
cortico-striatal network function. Interestingly, the absence of α-syn
aggregates in the substantia nigra was associated with the lack of

dopaminergic neuron loss in the substantia nigra pars compacta (SNpc)
(Fig. 2F) and no alteration in the expression of the dopamine transporter at
the striatal level (Fig. 2G) following striatal OSyn injection.

Cortico-striatal presynaptic terminals alteration in OSyn-
injected rats
Given the potential impact of aggregated α-syn on striatal neurotransmis-
sion via modulation of synaptic neurotransmitter release, we investigated
the spontaneous excitatory synaptic transmission of striatal SPNs. We
found a significant decrease in the spontaneous excitatory postsynaptic
currents (sEPSCs) frequency in OSyn rats (41.3% decrease) compared to
sham-operated animals (OSyn vs sham, p < 0.01, Fig. 3A), while no changes
were observed for the amplitude. Given the impairment of excitatory neu-
rotransmission within the striatum of OSyn rats, we further examined
changes in presynaptic markers associated with glutamatergic terminals.
Immunostaining and densitometric quantification of VGluT1 and VGluT2
were conducted to assess potential presynaptic alterations. No significant
differences in thalamic-derived VGluT2-positive terminals between OSyn
rats and sham animals were found (Fig. 3B). However, immunostaining of
cortical-derived VGluT1-positive terminals displayed a marked reduction
of the signal intensity within the striata of OSyn rats compared to sham-
operated counterparts (Fig. 3B). Interestingly, in linewith our prior findings
showing preserved SNpc dopaminergic neurons and the absence of α-syn
aggregation in this region, immunostaining and densitometric analyses
showed no differences of VGluT1 and VGluT2 levels in the SNpc between
Sham and OSyn rats (Fig. S4).

Tulrampator restored behavioral abnormalities and synaptic
deficits in OSyn rats
To reverse the behavioral and synaptic alterations induced by striatal
injection of OSyn, rats were chronically treated with the ampakine Tul-
rampator. Ampakines demonstrated neurotrophic effects and the capacity
to enhance cortico-striatal connectivity20–22.We found that in the open-field
task (Fig. 4A), OSyn rats treated with Tulrampator exhibited similar per-
formance to sham animals in terms of time spent in the center of the arena
(p > 0.05), suggesting that the ampakine effectively normalizes the reduced
performance of OSyn rats (p < 0.05). However, no significant differences in
sector crossings and immobility time were observed between Tulrampator-
treated OSyn rats and OSyn animals (p > 0.05, Fig. 4A).

Whole-cell patch-clamp recordings of striatal SPNs revealed that
Tulrampator treatment did not alter basal membrane electrical properties
(Fig. S2), however, the treatment had no effect on LTP deficit in OSyn rats
(Fig. 4B). Nevertheless, the treatment fully reestablished LTD in these ani-
mals to control levels (p > 0.05; OSyn vs Tulr, p < 0.001, Fig. 4C).Moreover,
the frequency and amplitude of sEPSCs of SPNs from Tulrampator-treated
OSyn rats were comparable to those of sham animals (p > 0.05), indicating
the efficacy of the ampakine in normalizing the reduced sEPSC frequency
observed in OSyn rat SPNs (Tulr vs OSyn, p < 0.05) (Fig. 5A). Immuno-
fluorescence analysis of brain tissue samples fromTulrampator-treated rats
further corroborated these findings, revealing a higher VGluT1 signal in
Tulrampator-treated OSyn rats compared to untreated OSyn rats
(p < 0.0001), a signal not significantly different from thatmeasured in sham
animal samples (Fig. 5B).

Discussion
The misfolding and aggregation of α-syn are recognized as key character-
istics of PD.Pathologicalα-syn can exist indiverse conformationswithin the
CNS, spanning from unfolded monomers to resilient fibrils. Recent inves-
tigations have elucidated the impacts of these protein aggregates at the
synaptic level, demonstrating that α-syn protofibrils can initiate early
synaptic dysfunctionwithin the basal ganglia circuitry, resembling the initial
phases of PD6,23. However, a dynamic equilibrium exists between different
forms of protein24, and unlike fibrils, oligomers are soluble and unstable,
capable of interacting with lipid membranes. These distinctive character-
istics render OSyn the most neurotoxic species in brain tissue5,14,15,25. To
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elucidate the role of OSyn aggregates and their involvement in early α-
synucleinopathy, a multidisciplinary approach, including electro-
physiological, histological, and behavioral analyses, was conducted in an
OSyn rat model.

Behavioral assessments conducted 12 weeks post-OSyn injections
revealed a significant deficit in locomotor activity and increased

anxiety-like behavior. Notably, these rats displayed a discernible
preference for proximity to the arena walls in the open field, coupled
with heightened immobility and diminished exploration, indicative of
an anxiety-like state. These findings corroborate previous investiga-
tions in preclinical animal models linking α-syn aggregates to neu-
robehavioral alterations6,26–29.
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Clinical observations further validate these results, since a higher
prevalence of affective symptoms is observed in PD patients compared to
the general population30,31 and point to this symptomatology as char-
acteristic of the prodromal phase of the disease32,33. The reduced loco-
motor activity observed in OSyn rats in their active phase mirrors clinical
findings in PD patients, who frequently present excessive daytime
sleepiness34–36.

The observed behavioral changes may reflect disruptions in activity-
dependent plasticmechanisms that can be disrupted in the presence of toxic
α-syn species5,6,37, such as LTDandLTP,which are crucial cellular substrates
for the overall function of the basal ganglia circuitry.

Accordingly, electrophysiological recordings revealed that, while the
membrane properties of striatal SPNs remained unaffected in OSyn rats,
both forms of long-term synaptic plasticity were abolished. This suggests
that α-syn aggregates adversely affect the functional connectivity of SPNs,
disrupting cortico-striatal input integration and motor coordination out-
put, consistent with previous findings6. The threshold for inducing long-
term synaptic plasticity in the striatum is tightly regulated by neuronal
excitability of cortico-striatal glutamatergic and nigrostriatal dopaminergic
pathways, which profoundly influence and modulate striatal synaptic
transmission38–41. Injection of OSyn into the striatum may exert direct
toxicity on the synaptic function of both striatal glutamatergic and
dopaminergic terminals, potentially leading to retrograde transport of
these aggregates to regions containing cell bodies, thereby triggering
neurodegeneration. Immunofluorescence analyses reveal the presence of
phosphorylated α-syn aggregates in the cortex, but not in the SNpc,
emphasizing a selective vulnerability of cortico-striatal pathways at
12 weeks after injection. Moreover, the lack of dopaminergic neuron loss
or dopamine transporter expression changes further underscores the
specificity of the cortico-striatal axis as a primary target of OSyn pathology.

These findings alignwith recent studies indicating that the spread of α-
syn may be influenced by both anatomical connectivity and variable α-syn
expression across brain regions42–44. The cerebral cortex, being closer to the
striatum and exhibiting higher α-syn levels than the SNpc, demonstrates
pronounced susceptibility to α-syn aggregate formation and spreading42,44.
Furthermore, OSyn displays significant synaptic toxicity, but limited seed-
ing capacity compared toα-synfibrils45,making thismodel reflectiveof early
disease stages.

The examination of spontaneous excitatory currents in striatal SPNs
also unveiled synaptic alterations in neurotransmission. A notable decrease
in the sEPSCs frequency, but not the amplitude, was observed, suggesting a
presynaptic dysfunction, thus implying an unaffected number of post-
synaptic receptors at excitatory synapses. Our results align with recent
research demonstrating an early reduction of α-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) receptor-mediated currents in
the amygdala46 upon striatal injectionofα-syn, supporting thenotion thatα-
syn-induced reduction of glutamatergic transmission is implicated in the
appearance of neurobehavioral alterations.

The assessment of presynaptic alterations, particularly the reduced
VGluT1 signal intensity, provides additional evidence of disrupted gluta-
matergic input from cortical neurons to striatal SPNs. At the same time, the
preserved VGluT2 signal suggests that thalamic-derived inputs are less
affected, reinforcing the idea of selective cortical vulnerability.

Thesefindings are in linewith recent literature suggesting thatVGluT1
axon terminals are more vulnerable to α-syn pathology compared to
VGluT2 axon terminals44,46,47. Additionally,VGlut1 andVGlut2 expressions
did not differ in the SNpc, corroborating our hypothesis based on the higher
vulnerability of the cortico-striatal pathway with respect to the nigrostriatal
connections in the OSyn model.

Glutamatergic synaptic transmission and plasticity heavily rely on the
functioning of AMPAR, and the modulation of AMPAR activity holds the
potential to enhance cognitive functions in various neurological disorders48.
Nonetheless, inadequatepharmacologicalmodulationoften leads to adverse
effects such as seizures49–51.

Ampakines, a class of low-potency positive allosteric modulators of
AMPARs, offer a safer and more applicable method for modulating
AMPAR activity52. Ampakines stabilize the receptor within the membrane
by binding to an allosteric site on the receptor, thereby augmenting its
capacity to transmit excitatory signals53. Ampakines have demonstrated
improvements in episodic and spatial working memory54–56, display anti-
depressant and anxiolytic properties57,58, and elevate levels of neurotrophic
factors, particularly brain-derived neurotrophic factor (BDNF), whichplays
a crucial role in neuronal survival, growth, and synaptic plasticity59–64.

The ampakine Tulrampator has been proven to enhance synaptic
transmission and plasticity, showing potential in both clinical and pre-
clinical settings for the treatment of cognitive deficits associatedwith various
neurodegenerative and psychiatric disorders21,52,65. Tulrampator amelio-
rated electrophysiological, morphological, and anxiety-like behavioral
alterations in theOSyn ratmodel. The open-field test revealed a reduction in
anxiety-like behavior following treatment, as indicated by increased time
spent in the center of the arena. Tulrampator treatment fully restored LTD
of striatal SPNs and sEPSC frequency, together with normalizing pre-
synapticVGluT1 expression, althoughLTP remained impaired (Fig. 6).Our
findings corroborate previous studies reporting Tulrampator’s effectiveness
in reversing synaptic plasticity deficits impacting both the structure and
function of excitatory synapses65. Tulrampator was also found to exert
antidepressant and anxiolytic-like effects by promoting neurogenesis and
increasing levels of various neurotrophins, including BDNF20,21. Tulram-
pator did not restore LTP in OSyn rats, likely because it does not primarily
affect the N-methyl-D-aspartate (NMDA) receptor nor the D1 dopamine
receptor signaling cascade, both of which are compromised by α-syn
aggregates and play a pivotal role in striatal SPNs LTP5,6,37. This aspect needs
further in-depth investigation.

Overall, these findings underscore the central role of cortico-striatal
dysfunction in mediating the behavioral and neurophysiological con-
sequences of OSyn pathology. The selective vulnerability of cortical inputs
and their restoration byTulrampator suggest that enhancing cortical-striatal
connectivity may be a promising therapeutic strategy. This approach could
complement more conventional therapies aimed at restoring dopamine
levels during the early stages of alpha-synucleinopathies. By addressing both
motor and non-motor symptoms, such interventions may slow down the
progression of synucleinopathy-related impairments, particularly in the
prodromal phase of PD, thus greatly improving patients’ quality of life.

This study was designed to investigate the early stages of α-
synuclein aggregation and to evaluate the in vivo relevance of OSyn
in the onset of motor and non-motor symptoms. While the model

Fig. 1 | Graphical representation of the experimental plan; oligomers sampling
time and motor behavior of OSyn rats. A Experimental plan: α-Synuclein oligo-
mers (OSyn) or phosphate-buffered saline (PBS, Sham) are bilaterally injected into
the rat striata to model early alpha-synucleinopathy. Following 12 weeks, animals
undergo behavioral testing and subsequent electrophysiological and morphological
assessments. The results are compared with those of animals treated with the
ampakine Tulrampator. Cx cortex, dStr dorsolateral striatum, SNpc substantia nigra
pars compacta. B Time-course graph of α-syn (1 mg/ml) aggregation in vitro as an
increase in thioflavin T fluorescent staining. Inset image of the injected OSyn-
containing solution (red symbol = sampling time), as visualized at the STEM

(AURIGA Zeiss). Scale bar: 100 nm. C Schematic representation of the open-field
apparatus and trajectory plots of a Sham and an OSyn rat during the open-field test.
Histograms depict the distance traveled (sector crossing), immobility, rearing, and
time spent in the center of the arena for OSyn and Sham rats (n = 8 per group). A
notable decrease in the mean number of sector crossings (t(14) = 2.22), time spent in
the center of the arena (t(14) = 2.49), and an increase in immobility time (t(14) = 2.15)
are observed in OSyn rats compared to Shams (Sham vs OSyn, p < 0.05).
D Histograms illustrate home-cage observations depicting the mean number of
sector crossings, immobility (t(22) = 2.92, outliers excluded), rearing, and grooming
times recorded for Sham (n = 10) and OSyn (n = 15) rats. *p < 0.05, **p < 0.01.
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successfully captures some early synaptic dysfunctions, it does not
replicate the advanced stages of PD, as indicated by the preserved
integrity of SN dopaminergic neurons and the absence of significant
reductions in DAT or TH levels. Anxiety-like behavior was assessed
through the open-field test, which, although a reliable first-line tool,
would benefit from complementary behavioral paradigms in future

studies to strengthen these findings. Moreover, the variability in
mobility observed in this task may reflect early, subtle changes rather
than a clear motor deficit. While a DMSO-only control group was
not included in Tulrampator experiments, previous studies have
demonstrated the non-toxicity of the dose used, supporting the
interpretation of Tulrampator-specific effects.
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Fig. 2 | Impaired striatal bidirectional long-term synaptic transmission and
phospho-alpha-syn aggregates in the cortex in OSyn rats. A Representative
superimposed traces of excitatory postsynaptic currents (EPSCs) recorded from
spiny projection neurons (SPNs) of Sham (left) and OSyn (right) rats, both before
(gray traces) and 20 min after the high-frequency stimulation (HFS) protocol (black
traces) in Mg2+-free artificial cerebrospinal fluid (aCSF) to induce long-term
potentiation (LTP). The accompanying time-course graph depicts the average EPSC
amplitude of SPNs recorded before and for 20 min after theHFS (gray band) in sham
(n = 13) and OSyn (n = 11) rats. Sham vs OSyn, t(22) = 3.51, p < 0.01.
B Representative superimposed EPSC traces recorded from SPNs before (black
traces) and 20 min after the HFS protocol (colored traces) to induce long-term
depression (LTD) in sham (left) and OSyn (right) rats. The time-course graph
displays themeanEPSCamplitude of SPNs before and for 20 min after theHFS (gray
band) in Sham (n = 12) and OSyn (n = 9) animals. Sham vs OSyn, t(19) = 4.3,
p < 0.001. Scale bars: 50 pA and 20 ms. **p < 0.01 and ***p < 0.001.
C Representative coronal images of p-α-syn (red)/NeuroTraceTM 455 (green)
double immunolabelling in the motor cortex of sham- and OSyn-injected rats. Scale
bar: 100 µm. The insets show high magnification of layer V cortical neurons. Note

the presence of p-α-syn aggregates in a representative section taken from an OSyn
rat. Scale bar: 25 µm. D Representative midbrain images at the level of SN showing
TH and p-α-syn double-immunofluorescence plus DAPI-counterstaining in sham
and OSyn rats. Scale bar: 250 µm. The insets show a higher magnification of SNpc
neurons. Scale bar: 50 µm. EHistograms of densitometric quantification of p-α-syn
signal in layer V of motor cortex (M1, left) and in SNpc (right) of sham- and OSyn-
injected rats expressed as mean fluorescence normalized to total layer V or SN area
(F/A). Each single value represents the mean obtained by quantifying 6 samples/
animal (sham, n = 4 rats; Osyn, n = 5 rats); Cortex, sham vs OSyn, t(7) = 2.5, p < 0.05.
F Representative photomicrographs of the midbrain at the level of the SN of sham-
and OSyn-injected rats, showing TH-immunoreactivity. Scale bar: 100 µm. Histo-
gram showing the number of TH+ neurons in the SNpc of sham- andOSyn-injected
rats (n = 5 per group). G Representative photomicrographs of cortico-striatal sec-
tions showing DAT immunostainings in the striatum of sham and OSyn rats. Scale
bar: 50 µm. Histogram showing optical density (F/A) of DAT signal in the striatum
of sham- and OSyn-injected rats. Quantification was done on 12 samples per rat
(n = 6 per group).

Fig. 3 | OSyn-injected rats exhibit diminished
spontaneous excitatory synaptic transmission in
the striatum, along with a decrease in VGluT1
immunostaining, while the signal for VGluT2
remains unchanged. A Representative traces of
sEPSCs and cumulative probability graphs depicting
the amplitude (left) and inter-event interval (IEI,
right) of sEPSCs recorded in striatal SPNs of sham
and OSyn-injected rats. Insets show bar plots indi-
cating the mean sEPSC amplitude (left) and fre-
quency (right) of recorded events. Sham (n = 16) vs
OSyn (n = 11), IEI: D = 0.6, p < 0.0001; frequency:
t(25) = 2.80, p < 0.01. Scale bar: 20 pA, 1 s.
B Representative microphotographs of VGluT1 and
VGluT2 immunostainings in the striatum of sham
and OSyn-injected rats. Scale bars: 50 µm. Histo-
gram of the optical density (F/A) of VGluT2 and
VGluT1 signals in the striatum of sham and OSyn
rats. Quantification was performed at the dorso-
medial level of the striatum, analyzing 12 samples
per rat (n = 6 rats per group). **p < 0.01;
****p < 0.0001.
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The detection of p-α-syn in the cortex supports a pattern of local
accumulation following OSyn injection; however, we recognize that the
extent of α-synuclein aggregation observed may exceed what is typically
reported in prodromal PD brains. A potential confounding effect related to
the injection route of OSyn cannot be fully excluded. Our data support the
idea that p-α-syn accumulation alone can affect cortico-striatal function.

However, we acknowledge that a causal link between this dysfunction and
prodromal anxiety-like symptoms in PD remains to be clearly established,
and further studies are needed to explore this potential relationship.

Finally, the lack of LTP restoration by Tulrampator suggests that
additional mechanisms beyond AMPAR modulation may be involved, an
avenue worth exploring in future work.

Fig. 4 | Tulrampator treatment reversed behavioral abnormalities and restored
LTD deficits in OSyn-injected rats. A Track plots depicting the movement tra-
jectories of OSyn and Tulrampator-treated OSyn rats during the open-field test.
Histograms illustrating the distance traveled, immobility, rearing, and time spent at
the center of the arena for sham (n = 8), OSyn-injected (n = 10), and Tulrampator-
treated OSyn (n = 7) groups; (Time at center, OSyn vs Tulr, t(15) = 2.86, p < 0.05);
outliers were excluded. B Representative superimposed EPSC traces recorded from
SPNs of OSyn and Tulrampator-treated OSyn rats, before (black traces) and 20 min
after the HFS protocol in magnesium-free solution (colored traces) to induce LTP.
Time-course graphs depicting the EPSP amplitude of SPNs before and for 20 min

after the HFS protocol (gray band) (n = 6) from Tulr-treated OSyn rats.
C Representative superimposed EPSC traces recorded from SPNs of OSyn and
Tulrampator-treated OSyn rats, before (black traces) and 20 min after the HFS
protocol (colored traces) to induce LTD. Time-course graphs depicting the EPSP
amplitude of SPNs before and for 20 min after the HFS protocol (gray band) (n = 8)
fromTulr-treatedOSyn rats. It is noteworthy that the time-course plot overlaps with
that of OSyn for LTP (left) and with that of sham animals for LTD (right). LTD,
Sham vs Tulr, p > 0.05; Tulr vs OSyn, t(15) = 4.43, p < 0.001. Scale bars: 50 pA, 20 ms,
*p < 0.05; ***p < 0.001.
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Methods
Male adult rats received bilateral injections of oligomericα-synuclein (OSyn
rats) or phosphate-buffered saline (PBS, sham rats) into the dorsal striatum.
Subsequently, behavioral phenotypes were assessed, and the rats were
sacrificed for immunohistochemical and electrophysiological recordings.
Additionally, one cohort of animals received treatment with the ampakine
Tulrampator before the behavioral, immunohistochemical, and electro-
physiological analyses (Fig. 1A). Rats underwent the open-field test 40min
after the last systemic injection of Tulrampator and were then sacrificed for
electrophysiological recordings or processed for subsequent immunohis-
tochemical analyses.

Animals
Male adult Wistar rats (Charles River Laboratories) weighing 250–275 g at
the beginning of the experiments were utilized. This studywas designed and
reported in accordancewith theARRIVEguidelines for animal research. All
procedures involving live animals were performed in accordance with the
guidelines outlined in the European Directive 2010/63/EU and were
approved by the Animal Care and Use Committee at the University of
Perugia (Italy), aswell as the ItalianMinistry ofHealth (N.75/2021-PR). The
animals were housed in two per cage with free access to water and food and
were kept under constant temperature, humidity, and a 12 h light/dark
cycle. Rats were allocated randomly to various experimental groups.

Fig. 5 | Rescue of spontaneous excitatory synaptic transmission in Tulrampator-
treated OSyn rats. A Representative sEPSC traces and cumulative probability
graphs depicting the amplitude (left) and the inter-event interval (IEI, right) of
sEPSCs recorded in striatal SPNs of Tulrampator-treated OSyn rats (n = 14). The
insets present bar plots illustrating the mean sEPSC amplitude (left) and frequency
(right) of the recorded events. Notably, the cumulative plot of the Tulrampator-
treated OSyn group overlaps with that of the sham group for both amplitude and
frequency (p > 0.05), with no significant difference observed in sEPSC frequency

compared to the sham group (p > 0.05). Tulrampator-treated OSyn vs OSyn, IEI,
D = 0.68, p < 0.0001; frequency, t(22) = 4.73, p < 0.001. Scale bar: 20 pA, 1 s.
B Representative microphotographs depicting VGluT1 immunostaining in the
striatum of OSyn and Tulrampator-treated OSyn rats. Scale bar: 50 µm. Histogram
of the optical density (F/A) of the VGluT1 signal in the striatum of Sham, OSyn, and
Tulrampator-treated OSyn rats. Quantification of 12 samples/rat (n = 6 rats per
group); OSyn vs OSyn-Tulr, t(22) = 7.59, p < 0.0001. ***p < 0.001; ****p < 0.0001.
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Experimenters were blinded to the experimental group assignments during
data collection.

Preparation of α-syn-oligomers
Lyophilizedmonomeric α-syn (recombinant human α-syn, Sigma Aldrich)
was dissolved in sterile PBS to a final concentration of 1mg/ml (70 µm). α-
Syn oligomerswere generated by continuous shaking (600 rpm) at 37 °C for
2 h. The aggregation process was monitored by thioflavin T assay in a
CLARIOstar reader (BMG LABTECH). Oligomer formation was con-
firmed by scanning transmission electron microscopy (STEM) (AURIGA
Zeiss) (Fig. 1B). At the end of this procedure, α-Syn oligomer aliquots were
storedat−80 °Cuntil used for intracerebral injection. Endotoxin levelswere
measured to be 0.0045 EU/µg of protein using the Limulus Amebocyte
Lysate endotoxin assay (Thermo Scientific).

Surgery
Surgical procedures were conducted on deeply anesthetized rats aged
7–8 weeks [using Zoletil 20mg/kg combined with xylazine 9mg/kg,
administered intraperitoneally (i.p.)]. The animals received two bilateral
intrastriatal injections (1 µl at each site) of eitherOSyn (1mg/mldissolved in
PBS) or PBS. Stereotaxic striatal injection coordinates, referenced with a
tooth bar set at 0.00, were as follows: (i) anteroposterior (AP)+ 1.0, med-
iolateral (ML)+ 3.0, dorsoventral (DV)−5.0; and (ii) AP+ 1.0, ML−3.0,
DV −5.06. Following the surgical procedure, the animals were monitored
until fully awake and then returned to their cages. Twelve weeks post-
surgery, the animals underwent behavioral tests, electrophysiological
assessments, and morphological analyses.

Subchronic Tulrampator treatment
Tulrampator (also known as s-47445) was prepared at the working con-
centration by diluting it in a suspension containing dimethyl sulfoxide
(DMSO)at 10%,polyethylene glycol 300 (PEG300)at 40%,Tween80 at 5%,
and saline at 45%, following the manufacturer’s instructions for in vivo
treatment (MedChemExpress, CAS no. 1038984-31-4). The suspension
contained 100 μl/kg DMSO, a dose known to be well below the maximum
tolerated dose for rats (5ml/kg, chronic administration) and not to cause
harm, inflammation, or affect locomotor activity66. Although the DMSO
concentrationwas within a range not associatedwith behavioral or synaptic
alterations, the absence of a vehicle-treated group shouldbe considered.Rats
at 11 weeks post-surgery were then administered Tulrampator via i.p.

injection at a dosage of 3mg/kg daily for 1 week. Subsequently, the rats
underwent behavioral tests, after which they were euthanized, and brain
tissue samples were collected for electrophysiological recordings and mor-
phological analyses.

Behavioral assessment
Animals underwent open-field test and home-cage observation at 12 weeks
post-OSyn or PBS injection. Behavioral assessments were conducted con-
sistentlywithin the same roomand at the same time of day, administered by
an investigator blinded to the rat’s condition. The behavior was manually
scored by blinded operators using timing recording software (ODLog,
Macropod Software). General locomotor activity was evaluated using the
open-field task, which involved a 10-min habituation followed by a 10-min
testing period during the animals’ active phase, as previously described6.

Additionally, rats were observed within their home cages, maintained
under standard housing conditions (12:12 h light/dark cycle, lights on at 7
a.m., room temperature maintained at 23 °C, with food and water ad libi-
tum), during 1-h sessions conducted within the animals’ active phase
(7:30–9:30 p.m.). In order to best monitor behavior, the animals were
housed individually.

Immunohistochemistry
Rats were euthanized following deep sedation. Upon dissection, the brains
were fixed in 4% paraformaldehyde (PFA) (Sigma Aldrich) at 4 °C for a
minimum of 24 h, then transferred to a PBS solution containing 30%
sucrose and 0.02% sodium azide and stored at 4 °C for at least another 24 h
or until sectioning. Brain sections (30 μm thick) were obtained using a
cryostat (Leica CM1900) and stored in PBS containing 0.02% sodium azide
at 4 °C until subsequent histological procedures.

For immunohistochemistry, primary and secondary antibody solu-
tions, as well as ExtrAvidin solutions, were prepared in PB containing 0.3%
Triton X-100. Each incubation step was followed by 5-min rinses in PB,
repeated three times. For immunoperoxidase staining, sections were treated
with 0.3% H2O2 for 5min to block endogenous peroxidase activity. Sub-
sequently, they were incubated for 48 h at 4 °C with a solution containing a
mouse anti-tyrosine hydroxylase (TH) antibody (1:1000, Sigma Aldrich;
MAB318), followed by a 2-h incubation with a biotinylated donkey anti-
mouse antibody (1:200, Jackson Immunoresearch). The sections were then
incubated for another 2 h in anExtrAvidin solution (1:1000; SigmaAldrich),
and 3,3′-diaminobenzidine (DAB) 0.05% was used as the chromogen.

Fig. 6 | Schematic representation of a cortico-
striatal synapse affected by oligomeric α-synuclein
and the pharmacological action of Tulrampator.
Illustration of a cortico-striatal synapse in which
oligomeric α-synuclein (OSyn) reduces VGluT1
levels, impairs synaptic transmission, and causes
deficits in long-term potentiation (LTP) and
depression (LTD), while treatment with the ampa-
kine Tulrampator restores VGluT1 expression,
normal synaptic transmission, and LTD.
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Finally, sections were mounted on chrome-alum-coated slides, air-dried,
dehydrated, and coverslipped.

For immunofluorescence staining, sectionswere incubated overnight
at 4 °C with primary antibodies, including rabbit anti-phosphorylated α-
syn (phosphoS129; 1:100; Abcam; #ab51253) and mouse anti-tyrosine
hydroxylase (1:1000; Sigma Aldrich; MAB318), in PBS containing 0.1%
bovine serum albumin (BSA) and 0.3% Triton X-100. Subsequently, the
sections were incubated for 2 h with a cocktail of secondary antibodies,
including Alexa Fluor 555 donkey anti-rabbit IgG and Alexa Fluor 488
donkey anti-mouse IgG (1:200; Invitrogen). Neuronal cells were coun-
terstained with DAPI or NeuroTrace™ 455 green fluorescent Nissl-Stain.
Confocal images were acquired using a Nikon Confocal Microscope
(NIKON TiE2). Additionally, brain sections were incubated with guinea
pig anti-vesicular glutamate transporter 1 (VGluT1; 1:800, Synaptic Sys-
tem; #135304), guinea pig anti-vesicular glutamate transporter 2
(VGluT2; 1:800, Synaptic System; #135404), and anti-dopamine trans-
porter (DAT, 1:1000; SigmaAldrich;MAB369) antibodies. After washing,
the sections were incubated for 2 h at room temperature with secondary
antibodies, including Alexa Fluor 555 donkey anti-guinea pig IgG and
Alexa Fluor 488 donkey anti-rat IgG (1:200; ThermoFisher Scientific).
Subsequently, the sections were mounted using an anti-fade medium
(Fluoromount; Sigma) and examined under a confocal laser-scanning
microscope (NIKON TiE2). The specificity of immunohistochemical
labeling was confirmed by the omission of primary antibodies and the use
of normal serum instead (negative controls).

Stereological analysis
The analysis of SNpcwas performed on brain sections fromfive animals per
group. The SNpc was outlined using the 4× objective, while the 100X oil
immersion objective was used for neuronal cell count. A Stereo Investigator
System (MicroBrightField Europe e.K., Magdeburg, Germany) that inclu-
ded a three-dimensional optical fractionator counting probe (x, y, z
dimension of 50 × 50 × 10 μm, respectively) was used to obtain an unbiased
estimation of total TH-positive cells, according to published procedures23.
For each animal, 10 sections, covering the rostro-caudal extension of the
SNpc, were counted. Data collection for stereology was done by researchers
blind to the experimental group being analyzed.

Densitometric analysis of fluorescence images
Densitometric analysis ofDAT,VGluT1, andVGluT2wasperformedon rat
brain sections. To avoid staining variability among sections and experi-
mental groups, sections were incubated with the same cocktail of primary
and secondary antibodies at the same time. Furthermore, the confocal
settings for image capture were kept constant throughout the acquisition of
sections from both groups of rats. After confocal, images were exported in
TIFF and analyzed with ImageJ software (http://rsb.info.nih.gov/ij/;
National Institutes of Health). The background signal for antibodies was
determined in a non-stained area, and the thresholdwas adjusted according
to the background signal and kept constant between sections. DAT,
VGluT1- and VGluT2-associated signals were quantified by manually
outlining the striatum and the SNpc. Mean signal intensities (F) of VGluT1
or VGluT2 were measured on 2 squared frames (150 × 150 μm for the
striatum and 100 × 100 μm for the SNpc). The frames were pseudo-
randomly distributed, medio-laterally on 6 striatal and SN sections, one
every 250 μm, sampled in each rat to cover the rostro-caudal extent of these
brain structures entirely67. The F/A ratio defines the mean fluorescence of
individual samples (F) normalized to the total cellular surface (A).
Accordingly, quantification was done on 12 samples per rat (Sham, n = 4
andOSyn, n = 5). Data collection for densitometry was done by researchers
blind to the group analyzed.

Electrophysiology
Rats were euthanized by decapitation 12weeks post-surgery, and 220 µm-
thick cortico-striatal coronal brain sliceswere preparedusing a vibratome.
Slices were maintained in artificial cerebrospinal fluid (aCSF), which was

continuously bubbled with a 95% O2–5% CO2 gas mixture at room
temperature. The composition of the aCSF included: 126mM NaCl,
2.5 mM KCl, 1.2 mM MgCl2, 1.2 mM NaH2PO4, 2.4 mM CaCl2, 10mM
glucose, and 25mM NaHCO3

6. Single slices were then transferred to a
recording chamber and submerged in a continuouslyflowing aCSF (34 °C;
flow rate: 2.5–3 ml/min), also bubbled with a 95% O2–5% CO2 gas
mixture.

Whole-cell patch-clamp recordings were conducted from SPNs that
were visualized using infrared differential interference contrast microscopy
(Olympus) in the dorsal striatum. Only SPNs selected on the basis of their
intrinsic membrane properties were included in the study. The whole-cell
patch-clamp recordings (with access resistance of 15–30MΩ and a holding
potential of−80mV)were performed using borosilicate pipettes (4–7MΩ)
filledwith an internal solution consisting of: 145mMK+-gluconate, 0.1mM
CaCl2, 2mMMgCl2, 0.1 mMEGTA, 10mMHEPES, 0.3mMNa-GTP, and
2mMMg-ATP, adjusted to pH 7.3 with KOH. sEPSCs were recorded for
5min. Signals were low-pass filtered at 0.1 kHz, digitized at 5 kHz using
Clampex 10 software, analyzed offline using automated event detection
algorithms, and subsequently checked manually for accuracy. A bipolar
electrode, connected to a stimulation unit, was positioned in the white
matter between the cortex and the striatum to stimulate glutamatergicfibers
(at 0.1 Hz) and evoke excitatory postsynaptic currents (EPSCs), while the
recording electrode was positioned in the dorsolateral striatum. Following
stable recording of evoked EPSCs for at least 10min, a high-frequency
stimulation protocol (HFS) was applied, comprising three trains of 3 s each
(with 20-s intervals), delivered at 100 Hz to induce LTP or LTD. External
Mg 2+ ions were omitted from the solution to enhance the contribution of
NMDA receptors during LTP experiments6. Additionally, 50mM picro-
toxin was added to the aCSF in all patch-clamp experiments to block
GABAA receptors.

Statistical analysis
The sample size calculation (rats required) was performed in advance using
G*Power3 software, with power and confidence levels set to 80% and 95%,
respectively, while estimating effect magnitude and standard deviation.
Statistical analyses were conducted using GraphPad Prism 8.0 (GraphPad
Software, USA). For behavioral assessments, Student’s t-test for unpaired
samples was employed. The number of experiments (n) represents the total
number of animals tested in each experimental group. In the open-field test,
data were acquired for a 10-min time frame (Table S1), however, to evaluate
the steady-state exploratory behavior, data from the last 5 min of the ses-
sions were presented. To minimize motor-related confounds, center time
and rearing were normalized to effective mobility (total time minus
immobility) prior to statistical analysis. The presence of statistical outliers
was assessed using the Grubbs’ test (α = 0.05); outliers were excluded prior
to statistical analysis.

Immunostaining data were subjected to analysis using a two-tailed
Student’s t-test. In electrophysiological recordings, the intrinsic electric
membrane properties of striatal SPNs were assessed for differences
among groups using one-way ANOVA. Changes in EPSC amplitude
induced by stimulation protocols were expressed as a percentage of the
baseline, with the baseline representing the normalized EPSC mean
amplitude acquired during a stable period (10–15 min) before stimu-
lation. The presence of LTP or LTD was verified in each experiment
using Student’s t-test for unpaired samples, comparing the mean EPSC
amplitude recorded during the last minute (t = 20). Cumulative prob-
ability curves depicted in the figures were generated by pooling together
the amplitude of spontaneous EPSCs (sEPSCs) and their inter-event
intervals (IEIs) for each group, with the Kolmogorov–Smirnov test used
to compare probability distributions. Mean sEPSC amplitudes and fre-
quencies were compared using unpaired Student’s t-tests. The number
(n) of experiments for electrophysiological recordings represented the
number of recorded neurons. Results in the text and graphs presented in
the figures are reported as mean ± standard error of the mean, with
statistical significance set at p < 0.05.
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