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A B S T R A C T   

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by selective 
dopaminergic loss. Non dopaminergic neurotransmitters such as glutamate are also involved in 
PD progression. NMDA receptor/postsynaptic density protein 95 (PSD-95)/neuronal nitric oxide 
synthase (nNOS) activation is involved in neuronal excitability in PD. Here, we are focusing on 
the evaluating these post-synaptic protein levels in the 6-OHDA model of PD. Adult male C57BL/6 
mice subjected to unilateral striatal injury with 6-OHDA were assessed at 1-, 2-, or 4-weeks post- 
lesion. Animals were subjected to an apomorphine-induced rotation test followed by the analysis 
of protein content, synaptic structure, and NOx production. All biochemical analysis was per
formed comparing the control versus lesioned sides of the same animal. 6-OHDA mice exhibited 
contralateral rotation activity, difficulties in coordinating movements, and changes in Iba-1 and 
glial fibrillary acidic protein (GFAP) expression during the whole period. At one week of survival, 
the mice showed a shift in NMDA composition, favoring the GluN2A subunit and increased PSD95 
and nNOS expression and NOx formation. After two-weeks, a decrease in the total number of 
synapses was observed in the lesioned side. However, the number of excitatory synapses was 
increased with a higher content of GluN1 subunit and PSD95. After four weeks, NMDA receptor 
subunits restored to control levels. Interestingly, NOx formation in the serum increased. This 
study reveals, for the first time, the temporal course of behavioral deficits and glutamatergic 
synaptic plasticity through NMDAr subunit shift. Together, these data demonstrate that dopamine 
depletion leads to a fine adaptive response over time, which can be used for further studies of 
therapeutic management adjustments with the progression of PD.  
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1. Introduction 

Parkinson’s Disease (PD) is a progressive neurodegenerative disorder characterized by motor [1] and non-motor [2,3] symptoms as 
a consequence of the selective loss of dopaminergic neurons at the substantia nigra pars compacta [4,5]. Several studies demonstrated 
intense crosstalk between dopaminergic receptors and NMDARs (N-methyl-D-aspartate receptors) via direct physical association to 
reciprocally regulate receptor surface expression, channel properties, and downstream intracellular signaling cascades [6–8]. 

NMDA receptors are tetrameric complexes extensively expressed in the CNS [9–11]. The rat and human striatum are enriched in 
GluN1, GluN2A, and GluN2B subunits [12,13], and depending on the composition of the subunits that form the NMDA channel, 
different functional properties are observed [10]. Also, the NMDAR function seems to be partially dependent on the postsynaptic 
density protein of 95 KDa (PSD-95) which interacts with and activates neuronal nitric oxide synthase (nNOS). NMDAR hypofunction 
can result in cognitive deficits, whereas overstimulation causes excitotoxicity and subsequent neurodegeneration, including in PD 
[14–17]. 

Although NMDAR signaling pathway has been used as a possible therapeutic strategy for different CNS disorders [17,18], addi
tional studies are necessary to determine the better strategy to modulate NMDA function in different stages of Parkinson’s disease. 

Herein, we investigate the time course of synaptic plasticity, focusing on evaluating the protein levels of NMDARs subunits, PSD-95, 
and nitric oxide in a 6-OHDA mouse model of PD. 

2. Material and methods 

2.1. Animals 

A total of 59 animals (n = 59) were obtained from a laboratory animals center (Fluminense Federal University, Brazil) and 
maintained under controlled light and environmental conditions (12 h light/12 dark cycle at a constant temperature of 22 ◦C) with free 
access to food and water were used in this study. 

All animal use procedures were in strict accordance with The National Institutes of Health (NIH, USA) Guide for the Care and Use of 
Laboratory Animals and were approved by the local animal care committee under protocol number 244. Studies were designed to 
minimize the number of animals used and their pain and suffering. 

2.2. Surgery procedures 

Adult male mice C57BL/6 (3 months) were anesthetized with a mixture of ketamine and xylazine (i.p. 100 mg/kg and 25 mg/kg, 
respectively) and placed in a stereotaxic apparatus. Animals underwent unilateral striatal lesions with an intracranial injection of 6- 
hydroxydopamine neurotoxin (2 μL of a 0.9 % saline solution containing 2.96 mg/mL 6-OHDA and 0.02 % ascorbic acid-Sigma- 
Aldrich) at a rate of 0.5 μL/5 min. The injection was performed using the following stereotaxic coordinates from Bregma: AP 0.5 
mm; ML 2.0 mm, DV- 3.0 mm from the brain surface [19]. The micropipette was withdrawn after a further 5 min to minimize backflow 
of the 6-OHDA solution. Mice received postoperative care until they were awake and then returned to their home cages. The mortality 
rate after 6-OHDA injection was zero. 

2.3. Rotation test 

1-, 2-, or 4-weeks post-surgery, animals were subjected to motor behavior test in an open field arena (50 cm × 60 cm, Insight) after 
apomorphine i.p. injection (5 mg/kg diluted in 0,09 % saline solution; Sigma). Apomorphine-induced contralateral rotations were 

Abbreviation section 

6-OHDA – 6-hydroxydopamine 
CNS - Central Nervous System 
DAPI - 4′,6-Diamidino-2-fenilindol, 2-(4-Amidinofenil)-6-indolecarbamidina 
GFAP - Glial Fibrillary Acidic Protein 
GluN1, GluN2A and GluN2B - Subunits of NMDA receptor 
Iba-1 - Ionized calcium-binding adaptor molecule 1 
MPTP - 1-methyl- 4-phenyl-1, 2, 3, 6-tetrahydropyridine 
NMDAr - N-methyl-D-aspartate receptors 
nNOS - Neuronal Nitric Oxide Synthase 
NO - Nitric Oxide 
NOx – Nitric oxide metabolites (nitrate and nitrite) 
PD - Parkinson’s disease (PD) 
PSD-95 - Postsynaptic density protein 95 
RIPA - radioimmunoprecipitation assay (RIPA) buffer  
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recorded for 20 min with a digital camera [20]. Afterward, animals were used for biochemical and immunohistochemical experiments. 

2.4. Immunofluorescence 

After different post-lesion survival times, mice were deeply anesthetized with an overdose of 5 % isoflurane and perfused through 
the left cardiac ventricle with 0.9 % NaCl solution followed by 4 % paraformaldehyde in phosphate buffer saline (PBS) pH 7.4. The 
brains were removed and left for post-fixation in the same fixative solution at 4 ◦C for 30 min. The brains were cryoprotected in 15 % 
followed by 30 % sucrose solution in PBS at 4 ◦C, overnight, frozen and cut in 10 μm slices at coronal orientations. The slices were 
washed and incubated overnight at 4 ◦C with polyclonal anti-GFAP from rabbit (1:300, Cell Signaling #3670), polyclonal anti-Iba-1 
from rabbit (1:100, Wako # 019–19741), polyclonal anti-PSD-95 antibody from rabbit (1:250, Cell signaling #3450), anti-nNOS from 
rabbit (1:200, Cell Signaling mAb4231). All antibodies were diluted in 2 % BSA (bovine serum albumin, Sigma). After washing with 
PBS, tissue sections were incubated with Alexa Fluor 488 secondary antibody diluted 1: 200 in 0.4 % PBS and 2 % BSA (goat anti- 
rabbit-IgG; green fluorescence; Invitrogen #A-11008) at room temperature for 90 min. Afterward, sections were washed, counter
staining with DAPI (Sigma) and coverslips mounted using fluorescence medium (4 % n-propyl gallate in phosphate buffer/80 % 
glycerol) (Merck). Control sections were processed in the absence of primary antibodies. Sections were analyzed under a deconvo
lution microscope (Leica, Germany). 

2.5. Western blot analysis 

For the biochemical assays, mice were deeply anesthetized as above, decapitated and striatal tissue was dissected and homogenized 
in ice-cold with radioimmunoprecipitation assay (RIPA) buffer (Thermo Scientific - 25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1 % NP-40, 
1 % sodium deoxycholate, 0.1 % SDS) + EDTA + proteinase inhibitors (Thermo Scientific). Protein concentration was measured by the 
method of Bradford [21]. The analysis of proteins contents was carried out in total membranes of striatal samples (40 μg protein/lane) 
which were separated by SDS/PAGE (8 or 10 % concentrating gel) and electro-transferred to PDVF membrane (polyvinylidene 
difluoride membranes, Amersham Biosciences, Piscataway, NJ, USA). After blocking for 2 h at room temperature with 5 % defatted 
milk in Tris-buffered saline, pH 7.6 containing 0.1 % Tween 20 (TBS-T), the membranes were incubated overnight at 4oC with specific 
antibodies: polyclonal anti-GFAP from rabbit (1:2500, Cell Signaling #3670), polyclonal anti-Iba-1 from rabbit (1:100, Wako # 
019–19741), polyclonal anti-rabbit PSD-95 (1:250, Cell signaling #3450), anti-rabbit nNOS (1:200, Cell Signaling #mAb4231), 
anti-goat GluN1 (1:1000, Santa Cruz #SC1467), anti-mouse GluN2A (1:500, Millipore #MAB5216) and anti-goat GluN2B (1:500, 
Santa Cruz Biotechnology #SC1469). After washing with TBS-T (3 × 10 min), the membranes were incubated with a specific secondary 
antibody (1:5000 dilution, Invitrogen) in TBS-T for 1 h at room temperature. After six washing periods of 5 min in TBS-T, the 
membranes were revealed using Luminata chemiluminescent (Amersham Bioscience) with a Chemi Express system (Loccus). Either 
anti-extracellular signal-regulated kinase (ERK - 1:1000, Santa Cruz Biotechnology #sc-514302) or anti-alpha tubulin (1:50000, Cell 
Signaling #3873) antibodies were used as a loading control. The densitometry analysis was performed in Scion Image Software, 
Version 4.03 (Scion Corporation, MD, USA). At least three independent runs were performed with samples originating from different 
animals. All gels revealed for the same protein were quantified on the same day by the same researcher. The Scion Image program 
assigns arbitrary values based on the density of the individual bands. Results obtained in each sample of lesioned striatum (LES) were 
normalized as a percentage of corresponding inner control (non-lesioned side - CTL) 

2.6. Griess reaction 

The striatum from 6-OHDA lesioned animals was homogenized using 200 μl of RIPA buffer + EDTA + protease inhibitors (Thermo 
Scientific). Supernatants were prepared with a clear, protein-free filtrate by centrifugation at 10.000×g for 10 min at 4 ◦C after 
treatment with ZnSO4 15 g/L. To prepare serum samples, after euthanizing the animals to dissect the brain tissue, blood samples were 
quickly collected by cardiac puncture, centrifuged at 10000 g, and stored at − 80oC until use [22,23]. 

Determination of nitric oxide levels (NOx) was performed by a colorimetric assay after incubation of supernatant with vanadium III 
and Griess reagent (2 % in sulfanilamide HCl 5 % and 0.1 % nafitiletilenodiamida in water) at a 96-well microtiter plate for 30 min at 
room temperature. The standard curve was performed using sodium nitrite and nitrate standard of 0.8–100 μM. Total nitrite was 
determined at 540 nm using the spectrophotometer Vesamax (Molecular Device, USA). NOx represents the total concentration of 
nitrite plus nitrate [22,23]. 

2.7. Electron microscopy analysis 

For ultrastructural analysis of synapses, samples from the caudate and putamen nuclei of 2 weeks post-surgery 6-OHDA mice and 
controls were fixed with 2.5 % glutaraldehyde diluted in 0.1 M phosphate buffer and post-fixed by immersion in 1 % osmium tetroxide 
in cacodylate buffer with 0.8 % potassium ferrocyanide for 6 h at room temperature. The samples were washed three times with 0.1 M 
phosphate buffer (pH 7.4), dehydrated with a graded acetone series, embedded in resin, and polymerized for 48 h at 60 ◦C. Ultrathin 
sections (70 nm) were collected in copper grids (300 mesh) and analyzed under the transmission electron microscope (JEM 1001, Jeol) 
with a digitalizing image system (Gatan). A total of fifty images at 30.000× magnification were acquired per animal/experimental 
condition (n = 3 animals - control and lesioned side) and performed the quantitative synaptic analysis under double-blinded manner. 
Synaptic profiles were identified by presynaptic vesicles and postsynaptic membrane specialization (with or without evident synaptic 
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cleft). All synapses in the micrographs were counted. Image J free software (NIH) was used to quantify the total number of synapses in 
the neuropil and to evaluate the relationship between excitatory and inhibitory synapses. A total area of 380 μm2 per animal (n = 3 per 
group) was counted, and we described it as the total number of synapses per area [24]. 

2.8. Statistics 

Graphs were plotted using Prism 7.0 software and the statistical analysis was performed using one-way ANOVA with Tukey post- 
test for multiple comparisons or unpaired Student’s t-test and differences were considered significant when p < 0.05. The data are 
shown as the mean and standard error of the mean (SEM) for all analyses. 

Fig. 1. Cellular and behavior analyses in 6-OHDA injected animals. (A–B) Representative sections of the Nissl staining of the striatum in two- 
weeks after lesion in 6-OHDA mice (n = 3 animals). Note that the injured side presented a reduction in the cell labeling compared to control one. (A, 
B) 20X, (A′ B′) 40X, (A’’e B″) 100X (C) Time-course of apomorphine-induced rotation after 6-OHDA injection. **p < 0,05 related to 1W, ***p <
0.001 between 2W and 4 W groups. n = 17 animals at 1w; n = 21 animals for the 2w and 4w group. 
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3. Results 

3.1. Time course of behavioral and glial response after 6-OHDA lesion 

The intrastriatal injection of 6-OHDA has been used to study different aspects of PD [25,26]. Fig. 1 shows that the striatum on the 
lesioned side with 6-OHDA (Fig. 1B,B1,B2) displays a less organized structure with a reduction in Nissl staining compared to the 
non-lesioned control side (Fig. 1A,A1,A2). Also, all animals presented, after one week of survival, an apomorphine-induced contra
lateral rotation (5941 ± 0,6152 rotations/min) confirming that 6-OHDA mice presented cellular and behavior characteristics previ
ously described [26]. Interestingly, we observed that the mice exhibited, two weeks after lesion, a more pronounced rotation profile 
(10 ± 1289 rotation/min), while the four-weeks survival group showed the lowest rate of rotation (2714 ± 0,2857 rotation/min) 
(Fig. 1C). Glial cells are critical for proper brain function, and changes in their state can contribute to different neurological pa
thologies, such as Parkinson’s disease [27,28]. To analyze possible alterations in glial cells in 6-OHDA mice, GFAP and Iba-1 protein, 

Fig. 2. Glial markers in the striatum of mice after 6-OHDA injection. (A) Representative Western blot for GFAP (top) and Iba-1 (bottom) in the 
control (CTL) and lesioned (LES) side of striatum of 6-OHDA mice after 1, 2 or 4 weeks of survival. Densitometry analysis of GFAP (B) and Iba-1 (C) 
contents in the lesioned striatum (lesion) relative to the control matched-side for each time-point. (GFAP - n = 5 animals for 1w and 2w; n = 6 
animals for the 4w group; Iba-1 - n = 4 animals for 1w and 2w; n = 6 animals for the 4w group). Data represents the mean ± S.E.M. ***p < 0,01 
(ANOVA followed by Tukey’s test). DAPI staining in the control (D) and lesioned (E) striatum. Immunofluorescence for GFAP (green) in control (F 
and F′) and lesioned (G and G′) striatum after four-week survival post-lesion. Iba-1 immunodetection (green) merged with DAPI in control (H) and 
lesioned (I) striatum of 1-week post-lesion animals. Note an increased staining intensity for both GFAP and Iba-1 in the lesioned striatum. The 
arrows indicate the cell processes, and the arrowheads indicate the cell bodies. N = 3 animals/group. 400 x. Scale bar: 25 μm. (See Supple
mental Fig. S2a). 
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which are astrocytic and microglial markers, respectively, were evaluated. Fig. 2 shows an increase in GFAP level on the lesioned side, 
particularly in the four weeks of survival (Fig. 2A, B, 2G, 2G′) compared to control side (Fig. 2F,F′). On the other hand, Iba-1 protein 
was increased at one week after the lesion (Fig. 2A, C and 2I) compared to the control side (Figure H). DAPI staining was used to label 
cell nuclei (Fig. 2D and E). Collectively these data showed that there is a specific time course for the behavioral effects and glial 
response induced by 6-OHDA. 

3.2. Synaptic alterations and differential response of glutamatergic receptors in 6-OHDA mice 

Synaptic density was evaluated ultra-structurally two weeks after the striatal lesion. Synaptic profiles were identified by the 
presence of the postsynaptic density and presynaptic vesicles (Fig. 3A–D). We found that the total synapse number was decreased by 
15 % in lesioned striatum, compared with the control side (Fig. 3E). The analyses of the synaptic profile revealed a significant increase 
in asymmetric (excitatory) synapses and a tendency to decrease the symmetric (inhibitory) synapses in lesioned striatum (Fig. 3E). 

An increase in glutamate signaling has been reported in PD patients [29,30]. Since we found an increase in excitatory synapses in 
our model, we decided to investigate the profile of NMDA receptor subunits. One week after the lesion, we observed a slight decrease in 
GluN1 subunit, an increase in GluN2A subunit and a decrease in GluN2B subunit of NMDAR (Fig. 4A,B,C,D). On the other hand, at two 

Fig. 3. Ultrastructural analyses of synapses in animals 2 weeks after 6-OHDA injection. Striatal cytoarchitecture of control (A, C) and lesioned 
(B, D) sides. White arrows indicate synapses in the neuropil. (B′, D′) Representative images of lesioned striatum synapses. The yellow arrow shows a 
vesicle fusing into the presynaptic terminal membrane. The red arrows point to the synaptic cleft. (E) Quantification of the total number of synapses 
and the number of excitatory and inhibitory synapses. Data represents the mean ± S.E.M. *p < 0,05. (Unpaired T-test). N = 3 animals. Scale bar: 
2 μm. 
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weeks of survival, only GluN1 was increased in the lesioned striatum (Fig. 4A and B). Four weeks after injury, the level of GluN1 was 
restored while GluN2B decreased compared to the non-lesioned side (Fig. 4A,B,D). Next, we assessed the PSD-95 content and observed 
an increase in this protein over time, being more evident two weeks after lesion (Fig. 4A–E). 

3.3. The modulation of nitric oxide in 6-OHDA mice 

The nitric oxide (NO) participates in important functions such as synaptic plasticity, neuromodulation, and neurotransmission. In 
neurons, the NO interacts with the NMDA receptors through the association between PSD-95 and nNOS [31,32]. Also, NO takes part in 
regulation of several aspects of PD such as excitotoxicity, inflammation, oxidative stress, among others [33]. For this reason, we 
decided to analyze the nNOS content and NOx products in 6-OHDA mice. Fig. 5 shows a transient increase in both nNOS protein 
(Fig. 5A) and NOx production (Fig. 5C) only one week after the lesion. Immunofluorescence analysis indicates a similar cellular 
distribution of nNOS in both control and lesioned sides, characterized by immunolabeling in the cell body and neuronal processes 
(Fig. 5B). Interestingly the NOx analysis in the serum revealed an increase only after four-weeks survival post-lesion (Fig. 5D). The 
interaction of PSD-95 with nNOS to increase NOx production is already well described [33,34]. So, we carried out a double labeling for 
these proteins in the context of PD. Fig. 6 shows that there is a strong colocalization of PSD-95 and nNOS both in the control (Fig. 6A–C) 
and in the injured (Fig. 6B–D) side of the striatum, suggesting a coupling between these proteins in the animal model of 6-OHDA. 

4. Discussion 

Parkinson’s Disease is a neurodegenerative disorder that currently affects over 8 million people worldwide and is characterized by 
the presence of motor and non-motor symptoms (https://www.who.int/news-room/fact-sheets/detail/parkinson-disease). It’s one of 
the leading causes of disability nowadays and its prevalence is projected to double in the next twenty years [35]. Therefore, studying 
novel mechanisms behind the pathophysiology of PD is essential. The intracerebral injection of 6-hydroxydopamine (6-OHDA) has 
been studied in different species such as mice, rat, cats, dogs, and monkeys [36–38], representing a useful model to study PD path
ogenesis that mimic the late-stage of PD patients [39,40]. Likewise humans, it has been shown that there are differences between the 
sexes, as male rats are more susceptible to the effects of 6-OHDA than females [41,42]. Herein, we used the 6-OHDA unilateral striatal 
injection in male mice which is a gold standard since it is well tolerate by the animal, highly reproductible and shows classical features 
of PD [38,43]. Besides, unilateral injection allows to use the non-lesioned hemisphere as an internal control to study the cellular and 

Fig. 4. Glutamatergic receptors and PSD-95 content in the striatum of mice model of PD. (A) Representative Western blot for GluN1, GluN2A, 
GluN2B and PSD-95 of control (CTL) and lesioned (LES) sides of striatum of 6-OHDA mice after 1, 2 or 4 weeks of survival. tERK was used as a 
loading control. Densitometric analysis of GluN1(B), GluN2A (C), GluN2B (D) and PSD-95 (E) contents in the lesioned striatum relative to the 
control matched-side for each time-point (GluN1 - n = 4 animals for 1w and 2w; n = 3 animals for the 4w group; GluN2A - n = 3 mice for 1w; n = 4 
mice for the 2w and 4w groups; GluN2B - n = 5 mice for 1w; n = 10 mice for 2w; n = 9 mice for the 4w group; PSD-95 - n = 5 animals for each 
survival time). Data represents the mean ± S.E.M. *p < 0,05, ***p < 0,001, ****p< 0,0001 (ANOVA followed by Tukey’s test). (See Supple
mental Fig. S4a). 
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molecular mechanisms underlying the neurodegeneration and leads to a classic rotational behavior which can be useful to test new 
therapeutic strategies. There is a minimum dopaminergic neurons loss at the substantia nigra pars compacta and striatum, one week 
after 6-OHDA injection and it reaches a peak within 2–3 weeks [25,40]. In addition, changes in other neurotransmitter systems such as 
glutamate have already been identified [12,17,44,45]. Therefore, we decided to evaluate the time course of synaptic changes, focusing 
mainly on the NMDA receptor, PSD-95, and NO contents in a 6-OHDA model. We chose to evaluate the animals at 1-, 2- or 4-weeks 
post-injury to investigate possible glutamatergic plastic adjustments before, during and after the highest peak of dopaminergic 
degeneration described in the model. 

Firstly, to test the success of the injection, we subjected 6-OHDA mice to an apomorphine injection according to previous works 
[20]. We observed that the animals presented an apomorphine-induced contralateral rotation after one-week post-lesion, being more 
pronounced after two weeks (Fig. 1C). At four weeks, post-injury we observed the lowest number of rotations, which could reflect an 
improvement in behavior over time. However, animals still presented motor deficits previously described at all times of survival such 
as akinesia, bradykinesia, and jaw movements, suggesting a severe motor impairment. Additionally, the Nissl analysis of the striatum 
demonstrated a disorganized structure with less staining in the lesioned side compared to matched-control sides (Fig. 1A and B) 
confirming the presence of motor symptoms of PD during this period. Besides, increasing evidence has demonstrated that both 
microglial activation and a prolonged astrocyte dysfunctions affect the pathogenesis and progression of PD [46–51]. Analysis of GFAP 
and Iba-1, astroglial and microglial markers, revealed a rapid increase in Iba-1 content one week after injury and a later increase in 
GFAP at four weeks post-injury (Fig. 2). This is in accordance with previous data showing a more rapid increase in microglia than 

Fig. 5. nNOS content and NOx production in 6-OHDA mice. (A) Representative Western blot for nNOS in the striatum of 6-OHDA mice after 1, 2 
or 4 weeks of survival (top) and densitometric analysis (bottom) of nNOS contents in the lesioned (LES) striatum compared to the control (CTL) side 
for each time-point (n = 3 animals for 1w; n = 5 animals for 2w and 4w groups). (B) Immunoreactivity for nNOS (green) in the control (top) and 
lesioned (bottom) striatum of 6-OHDA mice, one week after lesion. DAPI stainning (blue) was used for cell staining (n = 3 animals). 40x. Scale bar: 
50 μm. (C) NOx products in the lesioned striatum after different survival times post-lesion relative to the control matched-side for each time-point. n 
= 7 animals for 1w; n = 5 animals for 2w; n = 4 animals for the 4w group. (D) NOx products in the serum after different survival times post-lesion 
relative to the control matched-side for each time-point. n = 8 animals for 1w; n = 4 animals for 2w; n = 5 animals for the 4w group. Data represents 
the mean ± S.E.M. *p < 0,05, ***p < 0,01 (ANOVA followed by Tukey’s test). (See Supplemental Fig. S5a). 
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astrocytes reactivity. Also, the authors showed that pro-inflammatory markers such as TNFα and iNOS are temporarily correlated to 
microglia activation [46]. However, we cannot exclude that late astrocytic activation is related to the increase in NO metabolites found 
in the serum after 4 weeks of injury (Fig. 5). Lan and colleagues (2022) reported that NO release and VEGFA by astrocytes treated with 
oligomeric α-synuclein could be related to blood brain barrier disruption in PD mice and patients (2022). Interestingly we have 
recently shown a biphasic increase in GFAP in the neuromuscular layer at 1 w and 4 w after 6-OHDA striatal lesion [19]. Therefore, it is 
plausible that iNOS in GFAP-positive astrocytes could be related to systemic effects that follows central lesion. Further studies are 
needed to understand this issue. 

Taken together, these results demonstrate that mice injected with 6-OHDA were effectively lesioned, since major behavioral and 
glial responses are present during this period. Thus, the investigation of the time-course of possible synaptic alterations resulting from 
dopaminergic loss becomes possible and interesting, in this degeneration window. 

In the central nervous system (CNS), the balance between excitatory (E) and inhibitory (I) activity is essential for proper brain 
function [52]. Therefore, an E-I imbalance may lead to pathological conditions, and it has been implicated in neurodegenerative 
diseases [53,54]. In Parkinson’s disease, the E-I imbalance in the striatum appears to be due to alterations in several modulatory 
systems [30,55,56]. 

The ultrastructure of the synapses in the striatum was evaluated in 6-OHDA mice after a two-week post-lesion survival since at this 

Fig. 6. Immunoreactivity of nNOS and PSD-95 in the striatum of 6-OHDA animals. Putamen region with 1 week (A, B) and 2 weeks (C, D) of 
survival time post-lesion. (A–D) nNOS (green) immunoreactivity. (A′-D′) PSD-95 (red) immunoreactivity. (A″-D″) Merge images revealed the 
overlapping of nNOS and PSD-95 in yellow, indicating a strong spatial correlation between these proteins on both sides, control and lesion, 
especially in the neuropile region. n = 3 animals/group. 40x. Scale bar: 50 μm. 
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time the motor deficits were more pronounced. Interestingly, our data pointed to a decrease in total synaptic density but an increase in 
proportion of asymmetric (excitatory) synapses. This apparent paradox appears to be counterbalanced by the tendency for symmetrical 
(inhibitory) synapses to decrease on the injured side compared to the paired control (Fig. 3). This loss of synaptic structures seems to be 
a natural consequence of the injection of the neurotoxin 6-OHDA and the increase in excitatory synapses reveals an E-I imbalance in 
our animals. Therefore, we decided to investigate the glutamatergic excitatory pathway, especially NMDAR which has been implicated 
not only in worsening motor symptoms of PD patients and animal models but also to adverse effects of long-term dopaminergic 
treatment in PD [12,13]. The NMDAR function is completely regulated by the combination of different subunits forming the channel. 
Depending on this composition, it is related to survival or cellular death signaling pathways [57] or for synaptic strengthening or 
weakening [58]. It was previously reported, in the rat 6-OHDA model, striatal changes in NMDARs subunit expression and phos
phorylation [12]. So, we decided to investigate the content of the main NMDA subunits in the striatum over the time. Our results 
showed a slight decrease in the constitutive GluN1 subunit and a transient increase in GluN2A and decrease in GluN2B, one-week 
post-lesion. At two weeks, an increase in GluN1 content was observed compared to the non-lesioned side. The GluN2B subunit was 
decreased again after four weeks of survival (Fig. 4). These data showed a rapid and dynamic regulation in the NMDAR structure and 
function over the course of the disease. In the postsynaptic density NMDAR is physically associated with scaffolding protein PSD-95, 
which organizes the molecular architecture of postsynaptic sites and impacts synaptic plasticity [59]. Here we demonstrated that 
PSD-95 content was also increased in the lesioned striatum of the 6-OHDA animals at all times of survival (Fig. 4). This is in accordance 
with previous studies that showed a change in synaptic GluN2A/GluN2B ratio as well as in GluN2D subunit associated with PSD-95 in 
the striatum of levodopa-treated dyskinetic rats and monkeys as well as in post-mortem tissue from dyskinetic PD patients [60–62]. In 
MPTP-treated marmosets, no change in GluN1 subunit was detected but both GluN2B and PSD-95 have increased [63]. On the other 
hand, changes in striatal NMDA receptor subunits associated with the development of dyskinesia was demonstrated in the 
MPTP-lesioned primate [64]. Also, an impairment in NMDAR and AMPAR-mediated signaling and currents was observed in the 
hippocampal neurons after Parkin mutation/loss-of-function suggesting that disrupts in glutamatergic neurotransmission also 
contribute to PD in this model [65]. 

It has been shown that PSD-95 is physically linked to the neuronal isoform of the nitric oxide synthase (nNOS), leading to an 
increase in nitric oxide synthesis [66]. 

The nNOS was transiently increased in the striatum one week after surgery (Fig. 5A and B). Interestingly, an increase in nitrates and 
nitrites was detected in the striatum in the same period. Therefore, we can suppose that this increase reflects greater NO production. 
On the other hand, in the serum, NOx increased only after four weeks (Fig. 5D), suggesting that striatal lesion may lead to systemic 
changes. Indeed, we recently demonstrated that 6-OHDA mice exhibit enteric inflammation and gastrointestinal dysfunction up to 4 
weeks after striatal injury [19]. This is an interesting issue that should be investigated in more detail in the future. 

The immunofluorescence of putamen showed a colocalization between nNOS and PSD-95 even at two weeks survival (Fig. 6). The 
increase in NOx and the cellular distribution of nNOS and PSD-95 demonstrated in this work are consistent with a strong interaction 
between NMDAR/PSD-95 and nitric oxide signaling previously demonstrated in synaptosomal membrane fractions isolated from 
cerebral cortex after acute effect of a histamine H1 receptor antagonist [31]. Indeed, it was demonstrated that inhibition of 
PSD-95/nNOS pathway reduces MPP(+)-induced neuronal injury and apoptotic cell death in cortical neurons in vitro [34]. As it was 
previously demonstrated, under physiological conditions, NO could mediate a feedback inhibition of NMDAR [67]. Therefore, we 
believe that the rapid and transient increase in NO in one week may be occurring to promote negative feedback on NMDAR function, 
which is increased by the prevalence of GluN2a subunit, which is known to promote an enhanced and sustained synaptic current. 
However, since, two-weeks after lesion, NO returns to control levels and NMDAR/PSD-95 contents increase, this sustained hyper
activation of NMDAR contributes to the increase in motor impairment. 

Providing a ground for translational studies, we demonstrated, for the first time, the time-course of changes in NMDA receptor 
composition that could be explored as a pharmacological tool in different stages of Parkinson’s disease. 
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