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Resilience of striatal synaptic plasticity
over early structural adaptations in
premotor parkinsonism
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Parkinson’s disease has a long premotor phase with ongoing dopaminergic degeneration, yet its
compensatory mechanisms remain unclear. Using a rat model with A53T a-synuclein overexpression
in the substantia nigra, we analyzed striatal synaptic changes at 72 h, 1, 2, and 4 weeks post-
inoculation, before motor signs appeared. Dopamine concentration decreased from 72 h, and
chemical long-term potentiation was simultaneously inhibited, partially recovering by 4 weeks. At this
time point, dopaminergic degeneration and post-synaptic morphological and ultrastructural dendritic
spine remodelling became significant. These changes included a reduction in thin dendritic spines, an
increase in mushroom spine head volume, a decrease in smooth endoplasmic reticulum-containing
spines, and an increase in dendritic branching. In conclusion, impaired striatal dopaminergic
neurotransmisson diminishes striatal synaptic plasticity, which can be partially restored through
complex structural changes in striatal spines. These adaptations might represent fundamental
homeostatic mechanisms regulating synaptic function during the premotor stage of Parkinson’s
disease.

Parkinson’s disease is a neurodegenerative disorder characterised by the
progressive degeneration of dopaminergic neurons within the substantia
nigra pars compacta (SN, ). This depletes striatal dopamine, ushering in the
emergence of motor signs. A cardinal pathological feature of Parkinson’s
disease is accumulated intracellular inclusions known as Lewy bodies, pri-
marily composed of the a-synuclein (a-syn) protein'”. Significantly, Par-
kinson’s disease clinical manifestations are apparent only when there has
been a substantial loss of dopaminergic neurons, typically 50%-60%. Thus,
the premotor stage that precedes the overt presentation of Parkinson’s
disease is critical*. Elucidating the underlying processes occurring within

the nigrostriatal system during this premotor phase is necessary for pur-
suing strategies to mitigate these neurons’ inexorable degeneration.
Recent evidence highlights the synapse’s critical role, particularly at the
junction between dopaminergic and striatal neurons, showing that the
synapse is where the pathological processes lead to dopaminergic degen-
eration in Parkinson’s disease’. The striatum, a central component of the
basal ganglia, is primarily comprised of GABAergic spiny projection neu-
rons (SPNs), with many residing in the dorsal motor circuit region, which is
essential for motor control"’. These SPNs are distinguished by their dense
dendritic spines, which receive inputs from dopaminergic and glutamatergic
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axons, creating a complex synaptic milieu™''""*, Dendritic spines play a
critical role in synaptic integration and plasticity, but the complexities of
dendritic tree branching are equally important for processing synaptic
inputs. Together, they contribute to efficient inter-neuronal communication
and influence neural activity and behavior. Maintaining normal neural
motor circuit function at the synaptic level is a dynamic process primarily
regulated by the intricate interplay between dopamine and glutamate within
various mechanisms of synaptic plasticity. Disruptions here profoundly
affect motor coordination, learning and other striatal-related functions,
making them particularly relevant to the study of Parkinson’s disease'.

Striatal synaptic plasticity comprises various types. Synaptic poten-
tiation demonstrates Hebbian plasticity in response to the repeated firing of
interconnected neurons. Plasticity is regulated by dopamine and glutamate’s
modulatory and excitatory activities, respectively. Together, their actions
shape synaptic connections, promoting motor learning and skill
acquisition'. Long-term potentiation (LTP) and long-term depression are
prominent manifestations of this plasticity'’.

In contrast, homeostatic plasticity mechanisms primarily focus on sta-
bilising synaptic activity to keep it within a functional range. Typically, this
involves fine-tuning the number and sensitivity of receptors, adjusting neu-
rotransmitter release, and other processes aimed at averting excessive exci-
tation or inhibition'*””. While many studies have demonstrated abnormal
striatal synaptic plasticity in advanced stages of dopaminergic
degeneration'“***°; only one study has demonstrated a lack of LTP induction
in SPNs, which was correlated with reduced striatal dopamine release before
motor sign onset in a mouse model of intrastriatal a-syn fibril inoculation'.

Synaptic function relies on the structural plasticity of dendritic spines.
Much of our current understanding of changes in striatal synaptic mor-
phology in Parkinson’s disease originates from studies that used
neurotoxin-induced animal models” ™ and post-mortem analyses of brain
tissue obtained from the brains of patients with advanced Parkinson’s
disease’ . They reported extensive dopaminergic degeneration with
diminished dendritic spines with altered morphology of dendrites. Unfor-
tunately, no past studies examined potential structural alterations in striatal
dendritic spines and dendritic trees during early-stage dopaminergic loss.
Thus, there is a critical need to explore functional and morphological striatal
synaptic alterations in early-stage Parkinson’s disease.

Our research group previously reported on the stepwise progression of
functional and structural alterations at a pre-synaptic level in the striatal
synapses’. These changes precede symptomatic dopaminergic cell death ina
rat model of progressive parkinsonism induced by overexpression of an
adeno-associated viral vector (AAVs) coding for A53T mutated human a-
syn (ha-syn) in the SN,,.. We previously reported that the pathological
process begins with deregulated proteins related to energy metabolism and
synaptic vesicle cycling. These actions disrupt mitochondrial bioenergetics,
reduce dopaminergic terminals, induce ultrastructural changes (e.g.
pathological conformation with swollen and bulging morphology), and
accumulate autophagic/endocytic vesicles in remaining dopaminergic
fibres. Importantly, striatal glutamatergic synapse changes, which account
for structural plasticity, emerge before motor abnormalities’.

This study sought to elucidate the temporal sequence of early func-
tional, synaptic plasticity, and structural changes in the post-synaptic
compartment—particularly in the dendritic spines of striatal SPNs—that
precede symptomatic dopaminergic cell death. We used the same rat model
of progressive parkinsonism through A53T mutated ha-syn overexpression.
We assessed these changes at various time points post-inoculation (72 h, 1,
2, and 4 weeks) of the AAV in the SNy, using a multifaceted functional-
structural approach.

Results

Overexpressing ha-syn in the SN, caused dopaminergic
degeneration without motor impairment, confirming the role of
the premotor phase

We validated the overexpression of ha-syn in all A53T-ha-syn AAV-
inoculated rats and the absence of protein expression in the EVV control

animals, consistent with our prior findings (Supplementary Fig. 1)°. In the
ha-syn group, there was a significant bilateral loss of dopaminergic TH*
neurons in the SN, (16% cell loss vs. EVV, P<0.05; Fig. 1B, C), and
significantly decreased TH" expression within DLS fibres (25% expression
loss, P < 0.01; Fig. 1B, D) compared to the EVV group at 4 w p.i., wherein the
remaining dopaminergic fibres exhibited swelling and bulging (P < 0.001;
Fig. 1B, E). Additionally, in line with these results, the DAT analysis revealed
amild depletion of dopaminergic fibers in the ha-syn group at 4 weeks post-
inoculation, further supporting the nigrostriatal alterations (P < 0.05; Fig.
1B, G). This dopaminergic degeneration was not associated with motor
impairment as no significant alterations in distance and % time moving in
the OFT were observed in ha-syn animals (Fig. 1F).

Overexpression of ha-syn in the SN, causes early dopamine
content changes and LTP impairment in striatal synapses
Striatal dopamine content significantly decreased starting at 72h p.i.
(P<0.0lat72hp.i.and P <0.05at 1 wand 4 wp.i,; Fig. 2A), whereas striatal
glutamate levels were unchanged at all examined time points (Fig. 2B).

We assessed synaptic plasticity in isolated striatal synapses using FASS-
LTP (Fig. 2C). The ha-syn group exhibited a significant lack of cLTP
inductionat72 hp.i. (P < 0.001; Fig. 2E) and 1 w p.i. (P < 0.05; Fig. 2E) with a
trend towards lack of cLTP induction at 4 w p.i. (P =0.051; Fig. 2E) com-
pared to the EVV group (mean values 115.10 + 11.18vs. 168.2 + 15.69at 4 w
p-. in ha-syn and EVV, respectively; Fig. 2D, E). No differences in baseline
GluA1/Nrx1p levels were observed between groups and time points (Sup-
plementary Fig. 2A-C). Similar calcein staining levels were detected in
synaptosomes from both groups under baseline conditions and following
cLTP stimulation (Supplementary Fig. 2D), confirming the viability of the
isolated synaptosomes.

Dendritic spine loss and remodelling in striatal SPNs align with
the onset of dopaminergic degeneration despite the lack of
motor signs

We examined 66,308 individual dendritic spines (Fig. 3A, B and F) at 1 w
and 2 w p.i. and found no discernible changes in spine density, shape, or
morphology (head volume, neck length and diameter) across the entire
spine population (Fig. 3D, Supplementary Fig. 3A). However, at 4 w p.i., the
ha-syn group showed a significant reduction in total spine density com-
pared to the EVV group (P <0.01; Fig. 3D). Subsequent analysis of the
morphological subtypes at this time point (Fig. 3C) revealed a significant
reduction in overall spine density within thin spines (P < 0.01 vs EVV group;
Fig. 3E, Supplementary Fig. 4). Regarding spine morphology, the ha-syn
group showed significantly larger spine head volumes than the EVV group
at 4 w p.i. (P <0.01; Fig. 3D); this was significant only in mushroom spines
(P<0.05 vs EVV group; Fig. 3E). While no statistical differences were
observed in spine neck length and neck diameter between groups across the
entire spine population at any time point (Supplementary Fig. 3A), in the
ha-syn group, the neck length of mushroom spines was increased and
decreased at the 1 wand 2 w p.i. time points, respectively (P < 0.05 vs. EVV;
Supplementary Fig. 3B).

Ultrastructural changes in the dendritic spine SER precede
motor signs and occur with significant dopaminergic
degeneration

The ultrastructural analysis of the smooth endoplasmic reticulum (SER), a
vital organelle involved in intracellular calcium regulation, was observed
within a subset of 569 dendritic spines out of 2825 spines analysed (Fig.
4A-C). A significant reduction in the proportion of SER" spines (P < 0.01;
Fig. 4D) and a significant increase in the area occupied by SER relative to the
total area of the spine head (P < 0.01; Fig. 4E) was observed in the ha-syn
group vs. the EVV group only at 4 w p.i. Additionally, we observed a non-
significant trend between the percentage of SER™ spines and striatal TH*
expression (r = 0.507; P = 0.055; Fig. 4F). Conversely, a signiﬁcant negative
correlation was observed between the SER area to total spine head area ratio
and TH expression (r = —0.744; P < 0.05; Fig. 4G).
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Fig. 1 | Evaluation of motor behaviour and dopaminergic integrity during the
premotor stage of the animal model of progressive parkinsonism. A Schematic
representation of the viral vector inoculation site (red asterisks, bilaterally in the
SN;,c) and the experimental design indicating the evaluated post-inoculation (p.i.)
time points. B Schematic representation of the dopaminergic projections from the
SN, to the striatum in the rat brain (left). The ventrolateral region of the SN ,.
projects to dorsal areas of the striatum (motor striatum), mainly to the dorsolateral
striatum (DLS), while caudomedial SN, neurons project to the ventral and medial
parts of the striatum (associative and limbic striatum). Representative photo-
micrographs of TH' staining in coronal sections of the SN, and the striatum from
animals that received EVV or ha-syn inoculation assessed at 4 w p.i. Scale bars:
300 um (nigral sections) and 100 pum (striatal sections) showing pathological TH*
terminal swellings and thickening of fibres at 4 w p.i. in the striatum of the ha-syn
group. Representative photomicrographs of DAT staining in coronal sections of the
SN, and the striatum from animals that received EVV or ha-syn inoculation

Time post-inoculation

assessed at 4 w p.i. Scale bars: 100 um. C Number of TH" neurons in the SN,
normalised to the corresponding EVV group. D Relative optical density (ROD)
analysis of TH expression in the dorsolateral striatum normalised to the corre-
sponding EVV group. E Number of swollen TH" axons in the dorsolateral striatum
of ha-syn and EVV groups. Values are presented as the mean + SEM (n = 7-9 for
each group and time point; Two-way ANOVA followed by Sidak post-hoc test:

*P < 0.05, ¥*** P <0.0001). F Open field test for evaluating locomotor activity
before surgery (baseline) and at 1, 2 and 4 w p.i. in EVV and ha-syn inoculated
animals. Box plots showing the distance (cm) and % of the time moving (n = 7-9 for
each group and time point; Two-way ANOVA for repeated measures: no statistical
differences). Abbreviations: a.u., arbitrary units; DLS, dorsolateral striatum; DMS,
dorsomedial striatum; NAc, nucleus accumbens; VS, ventral striatum; VTA, ventral
tegmental area. G Relative optical density (ROD) analysis of DAT expression in the
dorsolateral striatum normalised to the corresponding EVV group.

During the premotor phase, striatal SPNs display increased
dendritic complexity and branching alongside significant
nigrostriatal degeneration

We investigated morphological changes in dendritic arbour complexity and
striatal SPNs associated with dopaminergic degeneration at the 4 w p.i. time
point (Fig. 5A). Our initial Sholl analysis revealed a significant increase in the
number of dendritic tree intersections in the ha-syn group (P < 0.05; Fig.
5B). A subsequent examination of SPN dendritic morphology revealed a
significant increase in the number of dendritic branch points and terminal
branches in the ha-syn group (P < 0.01 vs. EVV; Fig. 5C); however, we did
not observe significant differences in total dendritic length (Fig. 5C). There
was a trend towards a negative correlation between the number of terminal
branches and striatal TH™ expression (r = —0.613; P = 0.059; Fig. 5D).

Discussion

We investigated the temporal sequence of functional (synaptic plasticity)
and post-synaptic morphological (dendritic spine morphology) changes in
SPNs from the dorsolateral striatum. To accomplish this, we induced

dopaminergic dysfunction in the striatum before the onset of parkinsonian
motor features using a model of progressive parkinsonism induced by nigral
inoculation of AAV-A53T-ha-syn (Fig. 6).

Our findings reveal that ha-syn overexpression in the SN,,. reduces
dopamine concentrations at 72 h p.i. While not directly indicative of release
dynamics, these data offer valuable insights into the total levels of neuro-
transmitters available for release. These findings can also be integrated with
prior microdialysis studies in the same animal model and at comparable
time points”’, which confirmed dopamine dysregulation from early stages in
this model. The reduction in striatal dopamine content at the earliest time
point underscores the chronic nature of dopaminergic loss in this model.
We observed sustained reductions in cLTP at 72h and 1 w p.i. before
dopaminergic degeneration became significant at 4 w p.i. At this time, a
partial recovery of cLTP and a shift in spine remodelling were observed.
Specifically, we observed reduced thin spine density, mushroom spine head
enlargement, increased SER" area, and enhanced dendritic branching and
intersections. These changes are evidence of dynamic post-synaptic archi-
tecture reshaping and structural adaptations within the motor striatum’s
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Fig. 2 | Early synaptic deficits in the striatum of ha-syn overexpressing animals.
A Dopamine and B Glutamate levels in the striatum from EVV and ha-syn groups.
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point). Two-way ANOVA followed by LSD post-hoc test: *P < 0.05, **P < 0.01.
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percentage GluA1+Nrx1f" events in synaptosomes from EVV and ha-syn groups at
4 w p.i. E Percentage GluA14+Nrx1B™ double staining events normalised to synap-
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* P <0.05, *** P<0.001. PMT photomultiplier tube, FSC forward scatter, SSC side
scatter.

neuronal network that precede the onset of motor dysfunction. These results
suggest sequential triggering of post-synaptic homeostatic mechanisms in
the striatum by dopaminergic dysfunction and degeneration. These changes
partially restore synaptic strength and support a compensatory neural
motor circuitry response to maintain functional integrity.

Understanding the complex functional and structural changes in areas
of the brain affected during the premotor stages of Parkinson’s disease is
crucial for developing effective interventions to maintain systemic integrity
while delaying neurodegeneration and clinical disease expression’. How-
ever, while extensive research has explored functional and structural
changes in striatal SPNs in advanced Parkinson’s disease stages' >, little
is known about the premotor phase.

In line with what we described at the pre-synaptic level’, synaptic
functional alterations antedate morphological changes in the striatum’s
post-synaptic compartment. Failure of synaptic plasticity (lack of cLTP
induction) occurs once the dopamine concentration is sufficiently reduced
and well before dopaminergic degeneration. These observations suggest that
ha-syn overexpression in dopaminergic cell somas of the SN, regulates
dopamine content in striatal synapses.

Interestingly, the animals’ glutamate levels remained unaffected,
probably due to the complex ultrastructural remodelling in glutamatergic
synapses within the dorsal striatum, similar to what was shown in our
previous work’. These are all evidence of compensatory glutamatergic
activity’**™* and indicate that initial disruption of the balance between
excitatory glutamatergic and modulatory dopaminergic neurotransmission

is sufficient to disrupt normal synaptic plasticity. However, at 4 w p.i.—and
without changes in the dopamine and glutamate concentration compared to
the previously analysed time points—there is a partial recovery of striatal
cLTP even in the context of significant dopaminergic denervation. This
recovery points to potential synaptic plasticity mechanisms capable of
counteracting the effects of neurodegeneration at this time point. Impor-
tantly, induction of cLTP compared to basal levels discards saturation of
synaptic strength due to prior potentiation.

These changes occur alongside marked morphological changes in the
post-synaptic compartment in striatal SPN, particularly in dendritic spine
dynamics. Fluctuations in spine neck length within mushroom spines and
changes in thin spine density and mushroom spine head size suggest neu-
rons’ dynamic response to optimise synaptic function amidst altered
dopaminergic levels, as supported by previous research*®”’. These structural
adjustments likely compensate for fluctuations in dopaminergic signalling.
Changes in synaptic strength—including alterations in spine head size and
conversions between thin and mushroom spines***—help preserve
synaptic function and neuronal communication. The observed decrease in
thin spine density and enlargement of mushroom spine heads at 4 w p.i. may
indicate a shift towards synapse stabilisation or strengthening™. These
changes reflect compensatory mechanisms that preserve synaptic function,
as evidenced by the partial recovery of cLTP by 4 w. The partial recovery of
dopamine release and the lack of motor deficits at 4 weeks, despite notable
dopaminergic loss, can be attributed to these structural and functional
adaptations, which maintain neuronal connectivity and motor activity.
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Fig. 3 | SPNs dendritic spine loss and spine head remodelling only when dopa-
minergic neurodegeneration occurs. A Representation of the brain section and the
dorsolateral striatum area (blue) where SPNs were microinjected. B Representative
3D high-resolution photomicrographs of dendritic segments and detected dendritic
spines using Neurolucida 360 (bottom). C Schematic representation of classified
dendritic spine types: thin, mushroom, stubby, filopodia, and branched. D Total
dendritic spine density (left) and total dendritic spine head volume (right) of SPNs
from the dorsolateral striatum of EVV and ha-syn groups. Data are presented as

mean + SEM (n = 6-8 animals per group and time point). Two-way ANOVA fol-
lowed by Sidak post-hoc test: *P < 0.05; **P < 0.01. E Density (left) and head volume
(right) of thin, mushroom and stubby spine subtypes in EVV and ha-syn groups at 4
w p.i. Data are presented as mean + SEM (n = 6-8 animals per group and time
point). Two-way ANOVA followed by Sidak post-hoc test: *P < 0.05; **P < 0.01.

F Representative dendritic segments from EVV and ha-syn groups at 4 w p.i. Scale
bars: 5 pm.

These dynamic adjustments underscore the complex interplay of homeo-
static mechanisms and highlight the brain’s resilience during the early stages
of Parkinson’s disease. Post-synaptic adaptations, in particular, play a cri-
tical role in maintaining synaptic strength and motor function. Under-
standing these compensatory responses could inform strategies to delay
motor signs through early interventions targeting synaptic plasticity and
neurotransmitter balance.

We observed increased dendritic complexity (branch points and
terminal branches) and altered SER organisation at 4 w p.i., further evidence
of compensatory changes in dendritic morphology. As dendritic complexity
increased, we observed a tendency towards an inverse correlation between
terminal branches and TH* expression. These results suggest a compen-
satory mechanism that enhances synaptic efficiency by facilitating more
contacts between whatever dopamine terminals remain and SPNs. These
findings agree with prior research findings regarding the stability of
the dendritic arbour trees under varying dopamine levels that suggest

a consistent compensatory response to help maintain synaptic
function despite dopaminergic changes’’. The trend towards an
inverse correlation between terminal branches and TH™ expression
highlights the crucial role of dendritic morphology in modulating
synaptic connectivity within the basal ganglia circuitry, once again
corroborating previous findings™.

Our study on SER organisation revealed a progressive loss of SER*
spines, consistent with previous findings of downregulated calcium chan-
nels. Dopamine depletion may lead to prolonged intracellular calcium
increases in SPNs, contributing to previously described excitotoxic
processes'”**. This vulnerability is supported by an observed increase in
the SER area within dendritic spine heads, which affects intracellular cal-
cium buffering™. There is likely a link between increased calcium buffering
and changes in spine structure, as evidenced by (and potentially con-
tributing to) observed spine loss at 4 w p.i. Conversely, surviving SER™
spines showed expanded spine apparatus, possibly enhancing signal
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potentiation and sustaining and enlarging synapses to maintain overall
synaptic function amidst dopaminergic neurodegeneration®. However, it is
important to note that the exact nature of these changes—whether excito-
toxic or compensatory—remains uncertain. Further investigations are
needed to delineate the precise role of SER alterations in the context of
parkinsonism-associated spine remodelling.

One limitation of our study is that the time points analysed may
incompletely capture dynamic, longitudinal changes in spine dynamics.
Still, we studied critical time points according to the changes in premotor
dopamine levels and dopaminergic degeneration. Future studies could
extend this observation period to yield a more comprehensive under-
standing of synaptic changes in Parkinson’s disease. Our functional studies
were also conducted on isolated striatal synaptosomes with diverse neuro-
transmitter profiles, which prevented the isolation of specific synaptosome
populations. This necessitates staining for surface markers and additional
processing time, which could impact synaptosome viability and the
assessment of cLTP functionality’®”.

The understanding of synaptic changes during the premotor stages of
Parkinson’s disease is crucial for developing interventions aimed at delaying
neurodegeneration and maintaining neuronal function that could delay or
even prevent the onset of motor signs. Our findings, showing alterations in

synaptic plasticity and structural remodeling of dendritic spines, provide
critical insight into the earliest stages of parkinsonism. These changes pre-
cede the substantial loss of dopaminergic input and motor signs and may
correspond to the premotor phase in human Parkinson’s disease. This
model may thus provide a platform to test the efficacy of interventions
aimed at restoring dopaminergic function or enhancing synaptic plasticity
in the earliest phases of disease. This would not only enable earlier treatment
but also offer the potential to slow disease progression through interventions
targeting synaptic dysfunction. For instance, pharmacological targeting of
signalling pathways such as BDNF-TrkB, eEF2-kinase, retinoic acid, or
vesicle trafficking pathways (previously explored in other synaptopathies®’)
could help restore synaptic function in Parkinson’s disease. BDNF-TrkB
signalling is essential for synaptic strength and plasticity in the striatum, and
its modulation may counteract synaptic disruptions. Enhancing this path-
way or inhibiting factors that compromise synaptic integrity, such as eEF2-
kinase, could slow disease progression and support neuronal health in early
Parkinson’s disease stages. Thus, restoring synaptic strength and preventing
structural changes could enhance compensatory responses in neural cir-
cuitry, providing new therapeutic avenues for Parkinson’s disease that
might help delay motor sign onset and improve patients” overall quality
of life.
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Fig. 5 | Dendritic complexity and branching of SPNs are increased at 4 w p.i.
A Representative tracings of striatal SPNs showing Sholl crossings every 20 um from
EVV and ha-syn animals. Representative terminal branches are depicted as blue
arrows and dendritic branch points as blue circles. B Number of intersections at
specified distances from the soma in the EVV and ha-syn groups. Data are shown as
mean * SEM (n =5 per group). Paired t-test: P=0.038. C Total dendritic length

ROD TH* fibres

(left), total dendritic branching (middle) and terminal branches (right) of EVV and
ha-syn groups. Data are shown as mean + SEM (n = 5 per group). Unpaired t-test:
**P < 0.01. D Scattered diagrams showing the correlation of the number of terminal
branches with the striatal TH ROD (P = 0.059). Pearson’s correlation. ROD relative
optical density.
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Fig. 6 | Summary of the main results obtained in this study for striatal function
and SPN structure at different AAV-A53T-ha-syn post-inoculation time points.
Significant increases are shown in turquoise and significant decreases in blue
compared to the corresponding EVV group. Nigrostriatal pathway

neurodegeneration was not evident until 4 w p.i. The ha-syn expression was
apparent in the SN, beginning at 72 h p.i. DA dopamine, cLTP chemical long-term
potentiation, n.a. not available.

Collectively, our results highlight the dynamic interplay between early
dopaminergic dysfunction and post-synaptic compensatory mechanisms
during the initial phase of dopamine deficiency. Importantly, ha-syn
overexpression in the SN, led to a dopaminergic deficiency, disrupting
synaptic plasticity (cLTP). Subsequently, partial restoration was observed
due to post-synaptic morphological homeostatic responses. Such responses

—including changes in spine density, mushroom spine morphology, spine
SER adaptation and dendritic branching—underscore the brain’s resilience
and ability to maintain synaptic strength to ensure proper transmission and
integration of motor information during the premotor stage of Parkinson’s
disease. Our results may inform future therapies to restore synaptic plasti-
city to rescue synaptic function in the early stages of Parkinson’s disease.

npj Parkinson’s Disease| (2025)11:146


www.nature.com/npjparkd

https://doi.org/10.1038/s41531-025-00994-1

Article

Methods

Animals

Adult male Sprague-Dawley rats (325-350 g) were obtained from Charles
River Laboratories (Boston, MA, USA). The animals were maintained in a
room with standard temperature and humidity (70% humidity, 22 °C) on a
regular 12 h light/dark cycle, with food and tap water permitted ad libitum.
All the experimental procedures were approved by the animal research
committees of CIMA-Universidad de Navarra (107-17; Pamplona, Spain)
and were carried out in strict accordance with the guidelines of the Spanish
Government (RD53/2013) and the European Union Council Directive
(2010/63/EU) on the protection of animals used for research purposes. All
efforts were made to minimise animal suffering and minimise the number of
animals used.

Animal model and experimental design

Recombinant AAVs with AAV2/9 serotype were custom ordered from the
vector core facility at the University of Bordeaux (Bordeaux, France). The
ha-syn group was inoculated with the viral vector AAV2/9-CMV-WPRE-
ha-synA53T, which overexpresses the ha-syn with the A53T mutation
(8 x10" genomic particles/ml). The control group was inoculated with the
viral vector AAV2/9-CMV-WPRE-EVV and empty AAV capsids without
transgene overexpression (EVV group; 2 x10" genomic particles/ml).

This cross-sectional study involved two experimental groups (ha-syn
and EVV) and multiple independent subgroups of rats evaluated at different
post-inoculation (p.i.) time points: 72 h (h), 1 week (w), 2 weeks (w) and
4 weeks (w) (Fig. 1A).

Based on our previous study’ we conducted FASS-LTP and measured
neurotransmitter concentrations in the striatum at the onset of ha-syn
overexpression in the SNy, (72 h) and in the striatum (1 w), and when a
significant reduction of dopaminergic neurons in the SN, and dopami-
nergic terminals in the striatum occurred (4 w). To investigate the structural
impact of ha-syn overexpression on the dendritic spines of striatal SPNs, we
quantitatively analysed dendritic morphology and arborisation following
the start of ha-syn overexpression in the striatum (at 1, 2 and 4 w p.i).

For FASS-LTP and HPLC analyses, 5-10 animals per group were used
at each time point (72 h, and 1 and 4 weeks p.i.) (Fig. 1A). For the open field
test, high-resolution morphometric dendritic spine analysis, and corre-
sponding immunohistochemical studies, 7-9 animals per group were
examinedat 1,2, and 4 w p.i. The SPN dendritic complexity study included 5
animals per group at 4 w p.i. Lastly, for the electron microscopy (EM) study,
3-4 animals per group were analyzed at different ha-syn time points (72 h,
and 1 and 4 w p.i.).

Stereotaxic surgery

The rats were anesthetised with isoflurane in air enriched with 1%-2%
oxygen and placed in a stereotactic head frame (Stoelting, Wood Dale, IL).
The corresponding AAV's were injected bilaterally into the SNpc (1 ul per
site, 0.2 wl/min)’. The Bregma coordinates were (1) anteroposterior —4.9,
lateral +2.2, ventral —7.7 mm; and (2) anteroposterior —5.4, lateral +2.0,
ventral —7.7 mm. The injection needle was left in place for 2 min before
being slowly retracted from the brain.

Open field test

Spontaneous locomotor activity was assessed using the open field test (OFT)
at baseline and 1, 2, or 4 w p.i. To minimise the likelihood of handling-
induced anxiety, the rats were systematically acclimated to the testing room
and the experimenter’s handling procedures over several days preceding the
OFT. Each group of animals (1 = 7-9 animals for each time point) under-
went a single habituation session (15 min) to explore the open arena (1 m
length x 1 m width x 60 cm height) under dim lighting one day before the
test. The animals were permitted to freely explore the open field while testing
(15 min) while being continuously video recorded. We evaluated various
behavioural parameters—including the total distance travelled (in cm) and
the percentage of time spent in motion—using Ethovision X13 software
(Noldus Information Technology, The Netherlands).

Brain tissue collection

Animals from the ha-syn and EVV groups (n = 5-10/group at each time
point) were euthanised by CO, inhalation at the corresponding endpoint p.i.
(72h, 1 and 4 w). Following euthanasia, the rats’ brains were rapidly
removed, and the striata were promptly dissected and processed. One of the
striata was cryopreserved in 320 mM sucrose containing 10 mM HEPES,
protease inhibitors (Sigma-Aldrich, St Louis, MO) and phosphatase inhi-
bitors (Thermo Fisher Scientific; Waltham, MA; pH 7.4) as previously
described”' and slowly frozen overnight using a CoolCell Alcohol-Free Cell
Freezing Container (Corning) to ensure standardised controlled freezing.
This cryopreserved tissue was subsequently stored at —80 °C until homo-
genisation for functional FASS-LTP studies. The other striatum was frozen
on dry ice and stored at —80 °C for subsequent quantification of neuro-
transmitter levels.

Synaptosome isolation

We isolated the synaptosomes from the cryopreserved striatal tissue as
described previously””. Each striatum was homogenised (6-8 manual
strokes in a Glass-Teflon grinder) in 320 mM sucrose (1.5 ml) containing
10 mM HEPES and protease/phosphatase inhibitors mixture with a pH 7.4
(Thermo Fisher Scientific, Waltham, MA). The homogenate was cen-
trifuged at 1200 x g for 10 min, and the resulting supernatant (S1) was
centrifuged at 12,000 x g for 20 min. The pellet was resuspended by gently
pipetting up and down (10-20 times) in 1.5 ml of extracellular (120 mM
NaCl, 3mM KCl, 2mM CaCl2, 2mM MgCI2, 15mM glucose, 15 mM
HEPES, pH 7.4) or cLTP solutions (125 mM NaCl, 2 mM CaCl2, 5 mM
KCl, 10 mM HEPES, 30 mM glucose, pH 7.4). The synaptosome P2 fraction
was filtered using a 40-pm pore cell strainer (BD Biosciences, Franklin
Lakes, NJ) and incubated in a cell culture dish (30 mm) while agitating at
room temperature for 10-15 min during recovery”'. All isolation steps were
performed at 4 °C, with materials precooled on ice.

Fluorescence analysis of single-synapse LTP (FASS-LTP)
FASS-LTP, a technique that examines changes in synapses following
NMDAR activation by depolarization in the presence of the NMDAR co-
agonist glycine®"*”, was assessed by flow cytometry (FACSCanto II System;
BD Biosciences, Franklin Lakes, NJ) and Flow]Jo software (v10; Flow]Jo; LLC,
BD Biosciences, Franklin Lakes, NJ, USA) in isolated single synaptosomes
after chemical induction of LTP (cLTP) and fluorescent staining of pre-
synaptic Nrx1p and post-synaptic GluA1 AMPAR subunit.

FASS-LTP focuses on inserting AMPA glutamate receptors
(AMPARSs) into the postsynaptic membrane, a key event in the potentiation
of synaptic transmission®'. After chemical induction of long-term poten-
tiation (cLTP), the activity-dependent increase in surface GluA1-containing
AMPARs is quantified using flow cytometry in isolated synaptosomes.
Potentiated synapses are identified by extracellular labeling of two key
markers: GluA1, which represents postsynaptic AMPARSs, and neurexin-13
(Nrx1p), a presynaptic adhesion molecule stabilized at the membrane by
synaptic activity. This dual labelling of GluAl and Nrx1p enables the
identification of synaptosomes that contain both pre- and postsynaptic
elements, offering a robust means to study synaptic potentiation®"*>. Fur-
thermore, this approach enhances the accuracy of detecting potentiated
synapses, ensuring a robust and high-fidelity assessment of synaptic activity.

Isolated synaptosomes were maintained in cLTP solution (125 mM
NaCl, 5 mM KCl, 2 mM CaCl2, 30 mM glucose and 10 mM HEPES; pH 7.4)
or external solution (120 mM NaCl, 3 mM KCl, 2 mM CaCl2,2 mM MgCl2,
15mM glucose and 15 mM HEPES; pH 7.4) as control condition, and
subsequently incubated in a cell culture dish (30 mm) with agitation at room
temperature for 10-15 min for recovery and transferred to cytometry tubes
(180 pl). Synaptosomes in cLTP solution were incubated with glycine
(5mM glycine in cLTP solution freshly supplemented with 0.01 mM
strychnine and 0.2 mM bicuculline methiodide). The external solution was
added to the synaptosomes in basal condition and then incubated for 15 min
at 37 °C. Next, the synaptosomes in the cLTP solution were stimulated using
a high KCI concentration solution (50 mM NaCl, 2 mM CaCl2, 100 mM
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KCl, 10 mM HEPES, 30 mM glucose, 0.5 mM glycine, 0.001 mM strych-
nine, 0.02 mM bicuculline methiodide, pH 7.4). The external solution was
added to the control synaptosomes and then incubated for 30 min at 37 °C.
All stimulation was stopped with ice-cold 0.1 mM EDTA in PBS. After-
wards, samples were blocked with 5% fetal bovine serum in PBS and cen-
trifuged (2500 x g for 10 min; 4 °C). A primary antibody solution containing
rabbit anti-GluAl (1:1,500; Cell Signalling Technology, Danvers, MA,
#13185) and mouse anti-Nrx1p (1:400; UC Davis/NIH NeuroMab Facility,
#75-216) antibodies and Calcein AM (100 nM; eBioscience Inc, San Diego,
CA, #65-0853-39) were added to the resuspended pellet. This solution was
incubated for 30 min at 4 °C with agitation. The synaptosomes were washed
with ice-cold blocking buffer and centrifuged (2,500 x g for 5 min; 4 °C). A
secondary antibody solution containing anti-rabbit Brilliant Violet 421
(1:400; Jackson ImmunoResearch, Philadelphia, PA, #111-675-144) and
anti-mouse-Alexa Fluor 647 (1:800; Invitrogen, #A-21240) antibodies and
Calcein AM (100 nM) was added to the tubes, which were then incubated
for 30 min at 4°C with agitation. Afterwards, the synaptosomes were
washed with PBS, fixed with 0.25% paraformaldehyde (PFA), and stored in
the dark at 4 °C. The samples were acquired using a FACSCanto II System
(BD Biosciences, Franklin Lakes, NJ). We excluded small fragments and
debris by establishing an FSC threshold (gain = 500) and collecting 50,000
size-gated particles. FlowJo software (v10; FlowJo, LLC, BD Biosciences,
Franklin Lakes, NJ) was used for all flow cytometry analyses. We initially
selected particles with sizes ranging from approximately 0.75 to 3 pm,
corresponding to synaptosomes (Supplementary Fig. 2B). We used isolated
rat mitochondria ( ~ 0.5 pm) and nuclei ( ~ 8 pum) as size references. We
then excluded doublets and large aggregates. Calcein AM-positive events
were selected using standard staining controls corresponding to functional
synaptosomes (Supplementary Fig. 2B). We identified the single-positive
populations for GluAl and NrxI1p and then used the ‘Make and Gate’
Boolean analysis tool to assess the double-positive population. Using a quad
gate, we visually displayed the GluA1 and Nrx1p staining on the same graph
(Supplementary Fig. 2B). An increase in the GluA1/Nrx1p double-positive
population in cLTP samples compared to the baseline condition
indicated cLTP.

High-performance liquid chromatography (HPLC)

Dopamine and glutamate concentrations in the striata of animals in the ha-
syn and EVV groups were determined using HPLC with electrochemical
detection (DECADE, Antec Leyden, The Netherlands) and a high-
sensitivity analytic flow cell (VT-03). The working electrode was set at
0.8V for dopamine, and we used a column (Spherisorb ODS2 5 mm,
15 x0.46 mm; Teknokroma, Spain). The working electrode was set at 0.7 V
for glutamate, using a column (Biophase ODS 5 mm, 4.6 X150 mm; Bioa-
nalytical Systems, West Lafayette, USA) that underwent precolumn deri-
vatisation. The results are expressed in pg/mg of wet tissue.

Fixed brain tissue collection for the 3D morphometric study

For high-resolution morphometric and the corresponding immunobhis-
tochemical studies, animals (n = 6-8/group at each time point) were
deeply anesthetised and perfused transcardially with 1% paraformalde-
hyde (PFA) in 0.1 M PB (pH 7.4) for 1 min followed by 4% PFA in 0.1 M
PB (pH 7.4) for 11 min (40 ml/min flow rate)*’. The brains were quickly
removed and post-fixed in 4% PFA in 0.1 M PB, witha pH of 7.4 for 2 h at
4°C under agitation. Afterwards, the brains were transferred to a pre-
servative solution containing 0.1% sodium azide in PBS (pH 7.4) and
stored at 4 °C until their use. The striatum was serially sectioned using a
vibratome (VT1000S, Leica Microsystems, Germany) into one 300 pm-
thick coronal slice and three 50 pum-thick slices. We used the posterior
300 um-thick sections of the striatum (approx. +0.2- + 0.7 mm from
Bregma)® for single-cell intracellular injections. We used 50 pm-thick
sections for immunohistochemical studies to confirm the dopaminergic
lesion. The whole SN,. was also serially sectioned into 50 um-thick
sections for further immunohistochemical studies.

Immunohistochemistry

As described previously, immunohistochemistry studies were performed on
free-floating coronal sections containing the striatum and SN,,’. Briefly,
tissue was quenched in 3% H,O, and blocked in normal horse serum and
0.2% Triton X-100 (PBS-T). Afterwards, the samples were incubated
overnight with the primary antibody mouse anti-TH (1:1.000; Merck Mil-
lipore, Burlington, MA, MAB5280). The sections were then incubated for
1h in an anti-mouse biotinylated secondary antibody (1:500; Vector
Laboratories, Burlingame, CA) with avidin-biotin complex (ABC Kkits;
Vector Laboratories, Burlingame, CA). Immunostaining was visualised
following a reaction with 3,3-diaminobenzidine (Sigma-Aldrich, St. Louis,
MO). The sections were then mounted on glass Superfrost slides (Ther-
moFisher Scientific, Waltham, MA), dried, dehydrated with graded alco-
hols, cleared in xylene, and coverslipped with Eukitt® mounting medium
(Sigma-Aldrich, St. Louis, MO).

Quantification of TH™ neurons in the SNpc and striatal TH
expression levels

The number of TH* neurons in the SN, was estimated using stereo-
logical cell counting with the optical fractionator method since these
processes are unaffected by changes in the reference volume of the
sampled structure®. We used an interactive computer system with an
Olympus microscope and a digital camera (Lumenera, MicroBrightField
Bioscience, Williston, VT) with Stereo Investigator software for inter-
active test grid and motorised stage control (MicroBrightField
Bioscience, Williston, VT). TH' stained neurons were counted in the
SN, throughout the entire rostrocaudal axis of the SN, (7-8 sections
with a 6-section interval). We calculated the total number of TH" stained
neurons in the SN,,. using the formula described by West et al.*’. The
striatal sections were scanned using Aperio ImageScope (Leica Biosys-
tems, Germany). We acquired one image per hemisphere from 3 sections
(6 images/animal) at 2x magnification to analyse the striatal TH
expression. The resultant images were converted to 8 bits, and the mean
optical density of the dorsolateral striatum was analysed using Fiji (NIH,
https://fiji.sc/). To assess the abnormal shape of the remaining dopa-
minergic fibres, we quantified the swollen or bulging appearance of TH*
axons. To quantify swollen TH* axons, 6 images from the dorsolateral
striatum (DLS) per section (3 per hemisphere) and 3 sections per animal
(18 images/animal) were acquired at 20x.

Images were processed using a custom macro in Fiji (NIH), with the
following steps: First, images were converted to 8-bit grayscale and a rolling
ball algorithm (rolling = 10) was applied to remove uneven background
illumination and highlight axonal structures. Next, the MaxEntropy algo-
rithm was used to determine an intensity threshold separating the axonal
structures from the background. Then, the thresholded image was con-
verted to a binary mask, with axonal structures represented as white on a
black background, allowing for particle analysis. Particleslarger than 12 um?
were identified and quantified as swollen axons, with outlines displayed for
visual verification. This automated pipeline ensures consistent and unbiased
quantification of swollen TH+ axons across all images. Data were grouped
by animal and group (EVV or ha-syn) for each time point.

Single-cell intracellular microinjections in SPNs

We carried out single-cell intracellular microinjections using previously
published methods™*”. The 300 pum-thick striatal sections were mounted on
nitrocellulose filter paper and immersed in 0.1 M PBS. Using DAPI as a
staining guide, we identified the SPNs, impaled them with sharp micro-
pipettes, and filled them with Alexa Fluor 568 hydrazide (Thermo Fisher
Scientific, Waltham, MA) using a 1-20 nA direct current until the dye
perfused the distal processes. Microinjections were performed on 10 neu-
rons (5 per hemisphere); 1-2 sections were utilised per animal. Finally, the
sections were mounted on glass slides with VectaShield mounting medium
(Vector Laboratories, Burlingame, CA) and covered with 1.5 cover glasses
(Corning).
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High-resolution confocal microscopy and quantitative analysis of
dendritic spine density and morphology

High-resolution dendritic spine imaging was performed using an upright
Leica TCS SP8 confocal microscope (Leica Microsystems, Germany) with a
resonance scanner and HyD detectors. We included 10 microinjected
neurons per animal in the quantitative spine analysis. First, we obtained
each neuron’s low-resolution confocal z-stack image at 20x magnification.
These images were used for an unbiased, systematic selection of segments
for subsequent high-resolution imaging. Concentric rings were drawn
around the soma 50 and 100 pm from the centre; then, we sampled the
dendritic segments that crossed between the rings. Only dendritic segments
parallel with the section were imaged while avoiding bifurcations, large
fluctuations in the dendritic diameter and the first and last 10% of dendritic
segments. Finally, we sampled between 10 and 20 dendritic segments per
animal. Confocal z-stack images of each segment were taken at 63x mag-
nification with a 63 x 1.4 numerical aperture oil-immersion objective (Leica
Microsystems, Germany). Confocal z-stacks were acquired with an x, y
resolution of 0.04 um and a z step of 0.04 um. We used Neurolucida
360 software (MicroBrightField Bioscience, Williston, VT) for semi-
automatic 3D detection and analysis of the dendritic spines. Spines were
first automatically detected, and an experimenter blinded to the condition
then manually corrected obvious errors (e.g., a spine detected where there is
no visible spine or a missed spine) to ensure that all spines had been
appropriately identified. All spine measurements, including the head
volume, were performed in 3D from the z-stacks obtained from each
segment.

Our dendritic spines analysis focused on various morphometric
parameters, including spine density, which quantifies the number of den-
dritic spines on a neuron’s dendritic segment and provides insight into the
density of synaptic connectivity. We also examined spine size—including
measurements of spine head volume (um?), spine neck length (um) and
neck diameter (um) —since changes in these dimensions can significantly
influence synaptic strength and plasticity.

Spine head volume was calculated using Neurolucida 360 software,
which defines the volume of the spine head as the total enclosed 3D space of
the head, derived from the reconstruction generated during the automated
detection process. The software calculates the volume by integrating the area
of each cross-sectional plane along the z-axis (voxel-based measurement).

Dendritic spines exhibit diverse shapes, each with synaptic strength
and stability implications. We used Neurolucida 360 to classify the spines
according to morphometric type: thin, mushroom, stubby, and filopodia-
like, drawing upon established criteria from previous studies™". A blinded
experimenter detected and corrected errors after the preliminary, auto-
mated spine classification process. Spines with complex shapes (e.g., bran-
ched) were identified and categorised based on the presence of multiple
spine heads attached to a single main spine neck®. Averages of dendritic
segments analysed in each cell were obtained using a custom MATLAB
script (Mathworks, Natick, MA). Afterwards, data were grouped by animal,
group (EVV or ha-syn) for each time point. Importantly, a researcher
blinded to the experimental conditions performed all imaging and quan-
tification procedures.

Quantitative analysis of dendritic arborisation

Quantitative dendritic arborisation analysis included six microinjected
neurons (3 from each hemisphere) per animal. Neurons were selected based
on their well-defined, filled dendritic arbours, while those with a significant
number of cut segments were excluded. Z-stacks of all neurons were
acquired using a Zeiss Axioimager M1 microscope (Carl Zeiss AG, Ger-
many) with 20x objective (Carl Zeiss AG, Germany) and a 1 pm step size.
Images were analysed using the Simple Neurite Tracer (SNT) plugin in Fiji
(NIH), where the experimenter created a 3D tracing of the neuron by
drawing the dendrites that emerged from the soma. SNT recorded the x, y
and z positions of each point the experimenter drew. The numerical values
for each neuron’s total dendritic length, number of branching points and
terminal branches were extracted, along with a Sholl analysis to assess

dendritic complexity. A branch point is defined as a location where a single
dendritic segment bifurcates into two or more branches, reflecting the
neuron’s arborization and connectivity potential. A terminal branch refers
to the endpoint of a dendrite that does not bifurcate further, indicating the
neuron’s maximum reach and potential synaptic connections. These
parameters provide critical insights into the structural organization of
neuronal dendrites and their capacity for connectivity and integration
within neural circuits. Data were grouped by animal and group (EVV or ha-
syn at 4 w p.i; n=>5/group). A researcher blinded to the experimental
conditions performed all imaging and quantification procedures.

Electron microscopy and quantitative ultrastructural analysis of
dendritic spines

Animals from the ha-syn group at72 h, 1 and 4 w p.i.,and the EVV group as
the control group (1 = 3-4 per group and time point), were analysed. The
rationale for time-point selection is provided in the experimental design
paragraph. Brains were collected and processed for electron microscopy as
previously described’. Striatal coronal sections previously processed for pre-
embedding TH immunoperoxidase labeling, as described in a prior study’,
were used for the ultrastructural analysis of striatal dendritic spines. The
sections were then washed twice in 0.1 M PB and they were post-fixed in
0.5% osmium tetroxide diluted in 0.1 M PB for 15 min. Following additional
PB washes, the sections were dehydrated in ascending ethanol dilutions for
10 min each, and 1% uranyl acetate was added during the 70% ethanol step.
The sections were then incubated in ethoxypropanol and embedded in
epoxy resin (Durcupan™ ACM). Ultrathin sections from the superficial
planes were obtained using an ultramicrotome, and these sections were
contrasted with lead citrate and were examined with a transmission electron
microscope (TEM; H-7650 microscope, Hitachi, Japan) equipped
with an SC1000 Orius CCD camera (Gatan, Pleasanton, CA). Digital
images were obtained randomly from the dorsal striatum of both
hemispheres at a final magnification of 15,000x using Metamorph
software (Molecular Devices, San Jose, CA). Images were collected
systematically to avoid bias, and regions containing blood vessels,
dense myelination, or astroglial swelling were excluded to ensure the
focus was primarily on neurons and synapses. The X-Y plane image
resolution was 3.4 nm/pixel, with an image size of 3284 x 2600 pixels.
A total of 10 images were analysed using Fiji software (NIH) to
determine the proportion of dendritic spines with SER visible on the
head and the area of the spine head occupied by the SER. Manual
tracking was performed by a researcher who was blinded to the
experimental conditions. The calculated values were averaged across
all animals for each group and time point.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
8.0 software (GraphPad Software Inc., San Diego, CA). Data dis-
tribution for normality was assessed using the Kolmogorov-Smirnov
test. The statistical differences between experimental groups and time
points were determined by two-way ANOVA and Sidak or LSD
multiple comparison tests. Statistical significance differences between
the EVV group and multiple ha-syn time points were tested using the
nonparametric Kruskal-Wallis and Dunn’s multiple-comparison
tests, and the t-test determined differences between the two experi-
mental groups. The correlation analyses were performed using
Pearson’s parametric test. The results are expressed as mean + SEM
and statistically significant differences were considered at P < 0.05.

Data availability
The data supporting this study’s findings are available from the corre-
sponding author upon reasonable request.
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