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Parkinson’s disease (PD) is characterized by motor and non-motor signs, which are accompanied by progressive degeneration of dopaminergic neurons in the substantia nigra. Although the exact causes are unknown, evidence links this neuronal loss with neuroinflammation and oxidative stress. Repeated treatment with a low dose of reserpine—inhibitor of VMAT2—has been proposed as a progressive pharmacological model of PD. The aim of this study was to investigate whether this model replicates the neuroinflammation characteristic of this disease. Six-month-old Wistar rats received repeated subcutaneous injections of reserpine (0.1 mg/kg) or vehicle on alternate days. Animals were euthanized after 5, 10, or 15 injections, or 20 days after the 15th injection. Catalepsy tests (motor assessment) were conducted across treatment. Brains were collected at the end of each treatment period for immunohistochemical and RT-PCR analyzes. Reserpine induced a significant progressive increase in catalepsy duration. We also found decreased immunostaining for tyrosine hydroxylase (TH) in the substantia nigra pars compacta (SNpc) and increased GFAP + cells in the SNpc and dorsal striatum after 10 and 15 reserpine injections. Phenotyping microglial M1 and M2 markers showed increased number of CD11b + cells and percentage of CD11b + /iNOS + cells in reserpine-treated animals after 15 injections, which is compatible with tissue damage and production of cytotoxic factors. In addition, increased CD11b + /ArgI + cells were found 20 days after the last reserpine injection, together with an increment in IL-10 gene expression in the dorsal striatum, which is indicative of tissue repair or regeneration. Reserpine also induced increases in striatal interleukin TNF-alpha mRNA levels in early stages. In view of these results, we conclude that reserpine-induced progressive parkinsonism model leads to neuroinflammation in regions involved in the pathophysiology of PD, which is reversed 20 days after the last injection. These findings reveal that withdrawal period, together with the shift of microglial phenotypes from the pro-inflammatory to the anti-inflammatory stage, may be important for the study of the mechanisms involved in reversing this condition, with potential clinical applicability.
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Introduction

Neurodegenerative diseases are characterized by the loss of neuronal populations due to metabolic and toxic changes (Dugger and Dickson, 2017). These alterations lead to crucial events that precede neurodegenerative processes such as oxidative stress and neuroinflammation. Investigating these events is of paramount importance for understanding the pathophysiology of these diseases and identifying promising therapeutic targets.

With the increase in life span, the incidence of aging-related diseases becomes higher. For example, according to an epidemiological study carried out in 2017, Parkinson’s Disease (PD) affects 1–2 people per 1,000 in the general population, reaching 1% in the population over 60 years old (Tysnes and Storstein, 2017). The pathophysiology of PD consists of neurodegeneration of the substantia nigra pars compacta (SNpc), affecting the dopaminergic neurons that send their projections to the dorsal striatum (Tan et al., 2020). Dopamine depletion in the striatum leads to the known motor symptoms of the disease.

Numerous studies with postmortem, in vitro and non-human animals approaches have shown that neuroinflammation is an important pathway in the PD pathogenesis, and that this process involves both innate and adaptive immunity mechanisms (Thakur and Nehru, 2014; Gelders et al., 2018; Grozdanov and Danzer, 2018). McGeer et al. (1988) were the first to report microgliosis in the brains of PD patients. Subsequently, increases in the gene expression of TNFα and other pro-inflammatory cytokines were found in the brain and cerebrospinal fluid of patients, which led to the “inflammatory hypothesis of neurodegeneration” (Mogi et al., 1994a,b, 1995).

Glial cells play a key role in neuroinflammatory processes. Microglial cells correspond to 10–15% of the central nervous system cells (Mittelbronn et al., 2001) and are resident macrophages from precursor cells of the red marrow. However, unlike peripheral macrophages, these cells cannot be excessively stimulated because they can promote harmful consequences to the neuronal tissue, including death of dopaminergic neurons (Reale et al., 2009).

Among the factors involved in this process, there is the polarization of microglia in M1 or M2 phenotypes in response to a harmful stimulus. M1 is characterized by the production of pro-inflammatory mediators such as interleukins IL1β, IL-6, IL-12, IL-17, IL-18, IL-23, tumor necrosis factor α (TNF-α) and interferon y (INF-y) (Benarroch, 2013; Nakagawa and Chiba, 2015). Nitric oxide induced synthase (iNOS) is one of the membrane markers for this phenotype (Franco and Fernández-Suárez, 2015). M2 phenotype plays a role in immunoregulation, repair and resolution of the inflammatory process, and produces a range of anti-inflammatory mediators such as cytokines IL-4 and IL-10. This phenotype expresses membrane receptors such as protein Arginase I (Arg I); Ym1 (chitinase-like protein), Fizz1 and PPAR (activated peroxisome proliferation receptor) (Subramaniam and Federoff, 2017).

Among the pharmacological animal models used to study PD are those induced by neurotoxins (such as 6-OHDA and MPTP) and by reserpine, an inhibitor of the vesicular transport of monoamines (Leão et al., 2015). In the past, reserpine was used in high doses ranging from 1 to 10 mg/kg, which rapidly induced severe motor impairments (Baskin and Salamone, 1993; Salamone and Baskin, 1996). More recent studies have proposed the repeated administration of 0.1 mg/kg of this drug, which leads to the gradual appearance of motor signs in rats or mice, similar to the condition in humans (Fernandes et al., 2012; Santos et al., 2013; Peres et al., 2016; Campêlo et al., 2017; Leão et al., 2017; Lins et al., 2018; Beserra-Filho et al., 2019; Bispo et al., 2019; Rahman et al., 2020). Furthermore, Santos et al. (2013) demonstrated that animals that received repeated reserpine at low dosages also had cognitive deficits compatible with the non-motor sings of PD. In addition, this protocol also induces reduction in the tyrosine hydroxylase (TH) labeling, increase in lipid peroxidation and increased alpha-synuclein levels in the nigro-striatal dopaminergic pathway (Fernandes et al., 2012; Santos et al., 2013; Leão et al., 2017), which are important factors related to PD pathophysiology. However, neuroinflammation processes possibly related to the alterations induced by this protocol have not been investigated yet.

The aim of this study is to investigate whether the low-dose repeated reserpine model of parkinsonism induces neuroinflammation. Specifically, considering the dopaminergic pathway involved in PD, we investigated immunostaining for astrocytes and microglia markers, the polarization of activated microglia in the M1 (pro-inflammatory) and M2 (anti-inflammatory) microglial phenotypes, and cytokines expression.



Materials and methods


Subjects and general procedures

Six-month-old male Wistar rats (n = 80) from the Central Bioterium of the Federal University of São Paulo (CEDEME/UNIFESP) were used. All animals were housed under controlled temperature (22–23°C) and lighting (12 h light/12 h dark, with the lights on at 7:30 a.m.) and food and water were provided ad libidum throughout the experiment. This project was approved by the local Research Ethics Committee (CEUA N 2790010416) and all procedures were in accordance with the Brazilian law for the use of animals in scientific research (law no. 11794).

Subcutaneous administrations of reserpine or vehicle were performed according to the following experimental groups: animals that received 5 (Res or Veh 5); 10 (Res or Veh 10) or 15 (Res or Veh 15) injections and animals that after the 15th injection remained untreated for 20 days (W/D 20 days) for subsequent euthanasia. Before the beginning of the experimental procedures, the animals were handled for 20 min/day, for 5 consecutive days. Between the experimental sessions, the apparatuses were cleaned with a 5% alcohol solution.



Drug

Reserpine (Sigma Chemical Co., St. Louis, MO) was dissolved in 100 μL of glacial acetic acid and diluted in distilled water. The control solution contained the same amount of acetic acid and distilled water as the reserpine solution. Vehicle or 0.1 mg/kg reserpine were injected subcutaneously (SC) every other day.



Experimental design

Animals were randomly distributed in the above-mentioned groups. Injections were administered every other day, and the behavioral evaluations were conducted as shown in Figure 1.
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FIGURE 1
Experimental design.


Briefly, the catalepsy test was performed every other day before the next injection. Euthanasia was performed on the 10th, 20th, 30th, and 50th days of the protocol, according to the experimental group. Rats were either transcardially perfused (brains collected for immunohistochemistry) or euthanized by decapitation (striatum dissected and immediately frozen in liquid nitrogen for quantitative PCR) (qPCR).



Catalepsy test

Each animal was placed with the forepaws resting on a horizontal bar (positioned 9 cm from the surface in which the hind paws were supported). The duration the animal remained in an immobile posture, keeping both forepaws on the bar, was quantified by direct observation up to a maximum of 180 s. This procedure was repeated 3 times on each test day, and the average of the 3 attempts for each animal was considered for analysis.



Immunohistochemistry

After completion of each treatment duration, the animals were euthanized with an intraperitoneal injection of sodium thiopental (40 mg/kg) and transcardially perfused with 200 mL of phosphate-buffered saline (PBS), pH = 7.4, containing 500 IU of heparin (Roche, Brazil), followed by 300 mL 4.0% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Brains were removed and post fixed in the same 4.0% paraformaldehyde solution for 4 h and subsequently transferred to a 30% sucrose solution in 0.1 M PBS, pH 7.4. Brains were serially cut in the coronal plane into 50-μm thick sections with a cryostat (Leica, Germany). The sections were placed sequentially and stored in antifreeze solution. Free-floating sections were washed 4 times (5 min each) in 0.1 M phosphate buffer, pH = 7.4, and incubated for 20 min in a 0.1 M phosphate buffer solution with hydrogen peroxide. After this period, the sections were incubated with a blocker (bovine albumin 2%, Triton X-100 0.3%) for 15 min. Afterward, sections were incubated for 18 h with one of the primary antibodies—anti-TH (Millipore, Billerica, MA, United States, 1: 5,000); anti-GFAP (Millipore, Billerica, MA, United States, 1: 1,000); anti-IBA 1 (Millipore, Billerica, MA, United States, 1: 500). After 18 h, the sections were incubated with a specific secondary antibody for each primary antibody (Vector Labs, 1: 1,000). The sections were again incubated in the avidin-biotin complex (ABC Kit, Vector Labs, United States) for 2 h and then incubated in a 0.05% solution of 3.3′ diaminobenzidine (DAB) (Sigma Company, United States) for 2 min. Subsequently, we added 100 μL of hydrogen peroxide for the deposition of the chromogen. After reaching an adequate level of color, the sections were submitted to a battery of dehydration, and mounted on slides and cover slipped with Entellan (Merck, Darmstadt, Germany).

Photomicrographs of the brain structures of interest—striatum and substantia nigra—were taken using an Olympus Microscope, BX-41, with CCD (Nikon, DXM-1200) camera attached. For each animal, 4 sections of each area were selected (one at the rostral level, two at the medium level, and one at the caudal level). The location of the region was determined based on the Paxinos and Watson rat brain atlas (2009). We delineated SNpc or Dorsal Striatum in ImageJ software and performed manual counting of the marked cells for the whole extension within each section for the analysis of TH immunostaining. Relative optical density (ROI) was used to analyze GFAP and IBA 1 markers. Values were expressed relative to Veh 5 injections group (Santos et al., 2013; Leão et al., 2017).



Immunofluorescence

After perfusion and post fixation (as described above), brain sections were washed 4 times (5 min) in 0.1 M phosphate buffer, pH = 7.4, and antigenic recovery was performed with 0.01 molar sodium citrate (pH 8.0) in a water bath at 70°C for 20 min. Subsequently, the sections remained at room temperature submerged in the citrate for 20 min. The material was washed 4 times and incubated in phosphate buffer, hydrogen peroxide and 10% methanol, remaining in agitation for 20 min. Sections were again washed and then incubated in 1% Tween 20 (Sigma) together with 1% Bovine Serum Albumin (BSA—Merck) and the primary antibodies, namely anti-CD11b (OX42—CBL1512—1: 400); anti-iNOS (AB5382- 1: 600) and anti-ArginaseI (ArgI—PA5-32267—1: 250) remaining in slow agitation for 42 h. Afterward, the cuts were washed and incubated with respective secondary antibody (Alexa Fluor® 568 and 488—1:500) for 2 h. 1 μL of DAPI (Thermo Fisher Scientific, Waltham, MA, United States) was added during the washing procedure for 5 min and then the sessions were mounted on slides and cover slipped with Vectashield (Vector Laboratories, Newark, CA, United States). Illustrative images were treated for background subtraction using the open bioimage informatics platform Icy (de Chaumont et al., 2012).



Gene expression of pro-inflammatory cytokines (TNF-α, IL-10, and IL-1β)

The quantification of pro-inflammatory cytokines in the striatum was carried out using RT-PCR. We investigated the expression of TNF-α, IL-10, and IL-1β genes. Total RNA extraction from the samples was carried out using the total RNA purification kit (Cellco Biotec) and subsequently the RNA quantification was performed in the SPECTROstar® Nano (BMG LabTech). The complementary DNA (cDNA) was synthesized from 0.5 μg total RNA using SuperScript™ III First-Strand Synthesis System kit (Invitrogen Life Technologies) according to the manufacturer’s specifications.

Each 15 μL RT-PCR reaction was performed with 2.0 μL cDNA as a template, using the TaqMan® Fast Advanced Master Mix (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, United States). The RT-PCR assays were performed in duplicates on the Applied Biosystem 7500 Real-Time PCR System using TaqMan probes for TNF-α (Rn00562055_m1); IL-10 (Rn01483988_g1) and IL-1β (Rn00676333_g1). Pde10A (Rn00673152_m1) was used as the endogenous control gene. The samples were subjected to the followed PCR protocol template: 50°C for 2 min, 95°C for 10 min, then 40 cycles with denaturation at 95°C for 15 s and annealing and extension at 60°C for 1 min. Data were collected using 7500 Fast SDS Software version 1.5.1 (Applied Biosystems). Calculations of relative expression from Ct (threshold cycle) data were performed using the formula ΔCt = Ct (target gene) – Ct (Pde10A).



Statistical analysis

All data were checked for normality using the Kolmogorov-Smirnov test. Subsequently, data were analyzed by the two-way ANOVA. Analyses a posteriori were performed using the Sidak’s test or Bonferroni’s test (catalepsy behavior). The results were considered statistically significant at p < 0.05. Effect size tests (partial η2) were applied to significant results of the immunofluorescence analysis. IBM-SPSS Statistics, version 22.0 and GraphPad Prism 8.0 softwares were used to perform the analyses.




Results


Behavioral analysis


Bar catalepsy

Two-way ANOVA with repeated measures for catalepsy duration considering only the groups that went through the whole protocol revealed effects of treatment [F = (1, 425) = 1174.1; p = 0.0001]; time [F = (24, 425) = 3.591; p = 0.0001] and interaction between time and treatment [F = (24, 425) = 2.989; p = 0.0001]. Post hoc analysis with Bonferroni’s test revealed that reserpine-treated group had increase catalepsy duration compared to vehicle from the 10th injection until the 40th day of the protocol (Figure 2). In addition, the mean catalepsy duration in all observations was compared among groups. Two-way ANOVA revealed effects of treatment [F = (1, 70) = 30.60; p < 0.0001], number of injections [F = (3, 70) = 6.596; p = 0.0005] and interaction between treatment and number of injections [F = (3, 70) = 6.246; p < 0.0008]. Sidak’s post hoc revealed that Reserpine 15 injections group had increase catalepsy duration compared to all vehicles and all other reserpine-treated groups, as demonstrated in Table 1.
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FIGURE 2
Effects of repeated administration of 0.1 mg/kg reserpine on catalepsy behavior (n = 9–10). Data are shown as mean + SEM.; *p < 0.05 comparing Reserpine and Vehicle groups (Two-way ANOVA with repeated measures followed by Bonferroni’s test).



TABLE 1    Effects of repeated administration of 0.1 mg/kg reserpine (Res) or vehicle (Veh) on catalepsy test (n = 9–10).
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Neurochemical analysis


Immunohistochemistry for tyrosine hydroxylase

Two-way ANOVA for TH immunostaining in SNpc revealed effects of treatment [F = (1, 28) = 51.21; p < 0.0001]. Sidak’s test revealed reduced number of TH + cells in the SNpc region in Res10 (p = 0.013) and Res 15 (p = 0.003) compared to their respective controls. Res10 injections also differed from the Veh 5 injections (p = 0.018) and Veh W/D 20 (p < 0.001), as shown in Figure 3. Figure 3C displays representative photomicrographs of TH immunostaining.


[image: image]

FIGURE 3
Coronal slice scheme of SNpc (A) effects of repeated administration of 0.1 mg/kg reserpine (n = 5) on number of TH + cells in the SNpc (B) and representative photomicrographs of TH immunostaining in SNpc coronal sections (C). Data are shown as mean + SEM., *p < 0.05 comparing Reserpine and Vehicle groups (ANOVA followed by Sidak’s test). Scale bar in SNpc: 200 μm and magnification 4x in overview images and scale bar of 100 μm further magnified insets (10x).




Immunohistochemistry for GFAP

In the dorsal striatum, two-way ANOVA revealed effects of treatment [F = (1, 23) = 18.92; p < 0.0002] and number of injections [F = (3, 23) = 10.07; p < 0.0002], as well as in the interaction between number of injections and treatment [F = (3, 23) = 6.622; p < 0.0022]. Sidak’s post hoc showed that there was a significant increase of ROI in Res15 compared of all reserpine and vehicle groups (Figures 4A,B,E).
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FIGURE 4
Coronal slice scheme of Dorsal Striatum (A) and SNpc (C); effects of repeated administration of 0.1 mg/kg reserpine (n = 5) on relative optical density (ROI) of GFAP staining in Dorsal Striatum (B) and SNpc (D); and representative photomicrographs of GFAP immunostaining in coronal sections (E). Data are shown as mean + SEM. #p < 0.05 comparing Res15 with all Reserpine and Vehicle groups; *p < 0.05 comparing Reserpine and Vehicle groups (ANOVA followed by Sidak’s test). Scale bar 200 μm and magnification 4x in overview images and scale bar of 50 μm further magnified insets (20x).


Two-way ANOVA analysis for data of the SNpc revealed effects of number of injections [F = (3, 23) = 3.459; p = 0.0329], treatment [F = (1, 23) = 81.30; p < 0.0001] and interaction between these factors [F = (3, 23) = 3.170; p = 0.0435]. Sidak’s post hoc showed an increase of ROI in the SNpc after 10 (p = 0.0022) and 15 (p = 0.0002) injections of reserpine and in the 20th day after withdrawal (p = 0.0029) compared to their respective controls. In addition, Res10 group had higher ROI value compared to the Res5 group (p = 0.0300) (Figures 4C–E).



Immunohistochemistry for IBA 1

In the dorsal striatum, two-way ANOVA revealed effect of treatment [F(1, 21) = 104.1; p < 0.0001]. The Sidak’s test revealed increased of ROI in all reserpine groups compared with Veh5. Furthermore, Sidak’s test revealed increased of ROI of Res W/D 20 days injections compared with Veh W/D 20 days injections (p = 0.0001), as shown in Figures 5A,B,E.
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FIGURE 5
Coronal slice scheme of Dorsal Striatum (A) and SNpc (C); effects of repeated administration of 0.1 mg/kg reserpine (n = 5) on relative optical density (ROI) for IBA 1 staining in Dorsal Striatum (B) and SNpc (D); and representative photomicrographs in coronal sections (E). Data are shown as mean + SEM, *p < 0.05 comparing Reserpine and Vehicle groups (ANOVA followed by Sidak’s test). SNpc: scale bar 200 μm; magnification 4x in overview images and scale bar of 100 μm further magnified insets (10x). Dorsal Striatum: scale bar 300 μm; magnification 2x in overview images and scale bar of 200 μm further magnified insets (4x).


In the SNpc, two-way ANOVA for IBA I immunostaining revealed effects of number of injections [F(2, 21) = 8.012, p = 0.0026], treatment [F(1, 21) = 14.57, p = 0.0010], as well as of the interaction between number of injections and treatment [F = (2, 21) = 7.223; p < 0.0041]. A posteriori analysis using the Sidak’s test showed increased of ROI in the Res10 compared to all reserpine and vehicle groups, as shown in Figures 5C,D.



Immunofluorescence for CD11b/iNOS (microglia M1 phenotype)

In the dorsal striatum two-way ANOVA showed effects of number of injections [F(2, 12) = 4.973 p = 0.026], treatment [F(1, 12) = 21.91, p = 0.0005] and interaction between the factors [F(2, 12) = 4.086, p = 0.044]. In Sidak’s post hoc Res5 injections and ResW/D 20 days presented higher number of CD11b + cells when compared to their respective vehicles, as shown in Figure 6A. The Res15 injections group (p = 0.0076) showed a higher percentage of CD11b + /iNOS + cells in relation to vehicles. The effect size test indicated a large effect of treatment (η2 = 0.54) (Figures 7A,B,E).
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FIGURE 6
Effects of repeated administration of 0.1 mg/kg reserpine (n = 3) on number of CD11b + cells in Dorsal Striatum (A) e SNpc (B). Data are shown as mean + SEM, *p < 0.05 comparing Reserpine and Vehicle groups (ANOVA followed by Sidak’s test).
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FIGURE 7
Coronal slice scheme of Dorsal Striatum (A) and SNpc (C); effects of repeated administration of 0.1 mg/kg reserpine (n = 3) on immunofluorescence with double labeling for CD11b (green) and iNOS (red) expressed by percentage of CD11 + /iNOS + cells in Dorsal Striatum (B) and SNpc (D); and representative photomicrographs of immunofluorescence in SNpc coronal sections and Dorsal Striatum (E). Data are shown as mean + SEM, *p < 0.05 comparing Reserpine and Vehicle groups (ANOVA followed by Sidak’s test). Magnification 40x.


Two-way ANOVA for SNpc data showed treatment effect [F(1, 12) = 33.01, p < 0.0001]. In Sidak’s post hoc we found increased number of microglia CD11b + cells in Res15 injections (p = 0.041) and Res W/D 20 days (p = 0.002) groups compared to Veh 5 (Figure 6B). The Res W/D 20 days injections also had a higher number of CD11b + cells compared to the Veh W/D 20 days (p = 0.004) as shown in Figure 6B. Furthermore, Res15 injections group had a higher percentage of CD11b + /iNOS + cells (p = 0.033) when compared to the Veh 5 injections in the Sidak’s test. The effect size test indicated a large effect of treatment (η2 = 0.46) (Figures 7C–E).



Immunofluorescence CD11b/ArgI (microglia M2 phenotype)

In the dorsal striatum, we also obtained an effect of treatment [F(1.12) = 13.87; p = 0.002] and an increase in the number of CD11b + /ArgI + cells in ResW/D 20 days group when compared to the respective control group (p = 0.035). The effect size test indicated a large effect of treatment (η2 = 0.71) (Figure 8B). Figure 8D shows the percentage of CD11b + /ArgI + cells in SNpc. Two-way ANOVA revealed effect of treatment [F(1.12) = 29.67; p < 0.0001] and interaction between factors [F(2.12) = 8.906; p = 0.004]. A posteriori analysis using Sidak’s test revealed an increase in CD11b + /ArgI + cells in ResW/D 20 days group when compared to their respective control (p = 0.017). The effect size test indicated a large effect of treatment (η2 = 0.54).
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FIGURE 8
Coronal slice scheme of Dorsal Striatum (A) and SNpc (C); effects of repeated administration of 0.1 mg/kg reserpine (n = 3) on immunofluorescence with double labeling for CD11b (green) and ArgI (red) expressed by percentage of CD11 + /ArgI + cells in Dorsal Striatum (B) and SNpc (D); and representative photomicrographs of immunofluorescence in SNpc coronal sections and Dorsal Striatum (E). Data are shown as mean + SEM, *p < 0.05 comparing Reserpine and Vehicle groups (ANOVA followed by Sidak’s test). Magnification 40x.




RT-PCR gene expression of pro-inflammatory cytokines TNF-α, IL-10, and IL-1β

Two-way ANOVA for TNF-α gene expression showed effect of treatment [F = (1, 48) = 6.713; p = 0.012]. Sidak’s post hoc revealed an increase in TNF-α gene expression in the Res10 group in relation to Veh10 injections (p = 0.042), as shown in Figure 9A. Two-way ANOVA for the IL-1β gene showed a marginal effect of the treatment [F(1, 52) = 3.835; p = 0.055) (Figure 9B). Two-way ANOVA for IL-10 revealed effect of treatment [F(1, 32) = 5.264; p = 0.028] and Sidak’s test showed increase gene expression of IL10 in ResW/D 20 days group when compared to the respective control group (p = 0.025], as shown in Figure 9C.
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FIGURE 9
Effects of repeated administration of 0.1 mg/kg reserpine (n = 6–8) on gene expression of the cytokines TNF-α (A), IL-1β (B), and IL-10 (C) in the dorsal striatum of rats submitted to 5 and 10 injections of reserpine or vehicle and 20 days after the last injection. Data are shown as mean + SEM, *p < 0.05 comparing Reserpine and Vehicle groups (ANOVA followed by Sidak’s test).






Discussion

The animal model of PD proposed by Fernandes et al. (2012) is induced by repeated administrations of a low dose (0.1 mg/kg) of reserpine. This protocol induces progressive motor changes (catalepsy, decreased spontaneous motor activity and oral dyskinesia), in addition to non-motor signs and neuronal changes compatible with the pathophysiology of PD in both rats (Fernandes et al., 2012; Santos et al., 2013; Sarmento-Silva, 2015; Brandão et al., 2017; Leão et al., 2017; Lins et al., 2017) and mice (Campêlo et al., 2017; Beserra-Filho et al., 2019). Recent adaptations of this protocol have also shown the applicability of reserpine in the study of several aspects of parkinsonism (Pereira et al., 2020; Rahman et al., 2020). In this study, we sought to extend the validation of this protocol, by verifying if neuroinflammation is induced concomitantly to the other alterations related to PD pathophysiology seen in previous studies (decreased dopaminergic markers, increased alpha-synuclein and oxidative stress). Our results reproduced the motor impairment evaluated by the catalepsy test. We demonstrated a progressive increase in the duration of catalepsy, which was statistically significant from the 10th reserpine injection until 12 days after the 15th injection (Figure 2), as well as an increase in the duration of catalepsy in Res 15 injections group compared with all other groups (Table 1). This outcome reinforces that this model mimics the progressiveness of motor decrement and corroborates the results by Santos et al. (2013). However, in that study, only 10 reserpine injections were applied, and 20 days after the 10th injection the duration of catalepsy returned to control levels. Herein, although there was a decline in the duration of catalepsy after the last injection, the difference between the groups remained, showing that the increase in the number of injections precluded the reversion of the motor deficits after treatment interruption. It should be noted that 20 days after the last injection, the increase in catalepsy that is still present (although not statistically significant in the last measures) is hardly due to the acute dopamine depletion caused by each injection of reserpine.

Furthermore, Figure 3 shows a decrease in TH + cells in the SNpc after the 10th and 15th injections, with a partial recovery in withdrawal. This partial recovery corresponds to the reduction in the catalepsy curve in the withdrawal period. These results have also been obtained by other studies with the reserpine model, although there were small differences in protocol and dosage (Santos et al., 2013; de Freitas et al., 2016; Leão et al., 2017). To date, there is no evidence of dopaminergic neuronal death induced by this low-dose reserpine treatment in vivo. However, different protocols of reserpine administration induce neuronal effects related to neurodegeneration, such as oxidative stress, α-synuclein and morphology alterations (Abílio et al., 2004; Fernandes et al., 2012; Lee et al., 2015; Reckziegel et al., 2016; Leão et al., 2017). In addition, the neonatal administration of a high dose of reserpine induced neuronal loss and alpha-synuclein brain inclusions (van Onselen and Downing, 2021). Importantly, the irreversibility of neuronal impairment in conventional toxin models has also been questioned. For example, a study showed partial recovery over time after infusion of 6-OHDA (Deumens et al., 2002). In this way, the reversibility of dopaminergic dysfunction after a damaging intervention could be an interesting phenomenon to study potential therapeutic targets.

The above observations support that this protocol of repeated low-dose reserpine administration, despite probably not irreversible, induces long-term changes related to PD. As discussed below, the present study showed that parameters related to neuroinflammation, an important feature of PD pathophysiology, are altered after repeated reserpine treatment.

Increased number of astrocytes in the SNpc and striatum has long been evidenced in PD (Sheng et al., 1993; Hirsch and Hunot, 2009). These cells are over activated by microglia and produce growth factors that enable neuroprotection, and they also participate in the oxidative stress process (Niranjan et al., 2012). In line with these findings, we demonstrated an increase in GFAP + immunoreactive cells in Res10, 15 and ResW/D 20 days in SNpc and in Res15 injections in the dorsal striatum (Figure 4). This result indicates that even 20 days after the end of reserpine administration, inflammation remains in the SNpc, but not in the dorsal striatum, which corroborates both the long-term neuronal changes induced by the treatment and the partial recovery after withdrawal discussed above.

Microglial cells participate in a key pathway of neuroinflammation in neurodegenerative diseases, especially PD (Zhao et al., 2015), and are found in larger quantities in the SNpc compared to other brain areas, even in the healthy brain (Kim et al., 2000). Moreover, this cell type can alternate between neurotoxic and neurotrophic actions, mediating the production of pro or anti-inflammatory cytokines and molecules related to reactive oxygen species (ROS), leading to neuronal death (Trudler et al., 2014). Here, we showed that low-dose repeated reserpine increased immunohistochemical staining of the microglia marker ionized calcium binding adapter molecule 1 (IBA-1), which persisted at least 20 days after treatment withdrawal, in line with other long-term alterations mentioned above (Figure 5).

We also investigated the profile of microglia phenotypes in the different phases of the experimental design. We performed double labeling for activated microglia M1 phenotype using the microglia markers CD11b and iNOS and M2 phenotype using CD11b and ArgI markers, according to previous studies (Zhao et al., 2015; He et al., 2016). We demonstrated an increase in CD11b + microglia in the SNpc of Res15 and ResW/D 20 animals, and in the dorsal striatum in Res5 and ResW/D 20 groups (Figure 6). However, the highest percentage of M1 microglia (CD11b + /iNOS +) was found in the Res15 group for both areas (Figure 7). This reinforces that the period corresponding to 15 reserpine injections shows an established inflammatory process that progressively increased from the beginning of treatment. On the other hand, the results of the CD11b + /ArgI + analysis demonstrated that M2 microglia is significantly higher in SNpc and dorsal striatum only in Res W/D 20 rats (Figure 8). These results are consistent with features of the neuroinflammatory process. Indeed, an insult/injury promotes tissue damage leading to the production of cytotoxic factors such as iNOS, characterizing the M1 (cytotoxic) phenotype (Chhor et al., 2013). The same cell turns to an M2- repair/regenerative phenotype over time (Chhor et al., 2013; Tang and Le, 2016). ArgI catalytic activity produces molecules that repair extracellular matrix and mitochondrial function (Chhor et al., 2013). However, the hypothesis that there is a shift from M1 to M2 microglial phenotype across reserpine treatment and recovery should be considered with caution. Indeed, there are some limitations regarding these analyses. First, due to technical issues, the sample sizes of the immunofluorescence assays are small (although effect size tests indicated large effects for all significant differences). Second, additional M1 and M2 markers would add strong evidence of this claim and should be included in future studies.

Nevertheless, corroborating our observations, an increase in CD11b + /iNOS + microglia was shown in an MPTP model of PD. Rodents submitted to the MPTP model were treated with fasudil, which limits axonal growth, leading to axonal degeneration. As a result, fasudil induces polarization to M2 microglia as well as suppression of inflammatory responses (IL-1β; TNF-α and NF- κB-p65) (Zhao et al., 2015). 6-OHDA led to polarization toward the M1 state in BV2 microglia with increased IL6, IL-1β, TNF-α, and suppressed M2 phenotype (Zhang et al., 2017).

It should be noted that microglial activation is closely associated with aggregated misfolded proteins such as α-synuclein (Rojanathammanee et al., 2011; Tang and Le, 2016). Aggregated α-synuclein released into the extracellular space from dead dopaminergic neurons leads to an increase in reactive oxygen species (ROS) and cytokines (Zhang et al., 2005; Lee et al., 2010). A previous study of our group showed an increase in immunostaining for α-synuclein in the substantia nigra of rats that received 15 injections of 0.1 mg/kg of reserpine (Leão et al., 2017). Herein, we investigated α-synuclein staining after 5 and 10 reserpine injections and in the withdrawal period (see Supplementary material). The results showed an increase in α-synuclein labeling in groups treated with 5 and 10 injections in the SNpc and dorsal striatum when compared to the Veh 5 group. Additionally, in the striatum, the Res W/D 20 days group also had a higher ROI compared to the Veh5 injections. It is possible that the increased TNF-α gene expression in the dorsal striatum after 10 injections found here was related to the α-synuclein peak identified in this same period (Supplementary Figure 1).

We also investigated the gene expression of pro-inflammatory cytokines (TNF-α and IL-1β), which can be produced by both astrocytes and activated microglia in addition to damaged neurons. An increase in TNF-α gene expression was observed after the 10th reserpine injection (Figure 9A). This –result corroborates the fact that this cytokine is usually produced in the early phase of inflammation (Frankola et al., 2011). As described above, with the progression of the neuroinflammatory process, there was subsequent M1 microglial activation (observed in the group that received 15 injections). In the reserpine group, IL-1β did not differ from the control group in the post hoc analysis, but there was a marginal effect of the treatment in the two-way ANOVA test (Figure 9B).

Increased proinflammatory cytokines have been reported after treatment with 1 mg/kg reserpine. In that study (Arora and Chopra, 2013), three consecutive days of reserpine administration induced an increase in TNF-α and IL-1β levels in the cerebral cortex and hippocampus. Here, we did not observe changes in the IL-1β gene expression, as mentioned above. However, regarding reserpine effects on neuroinflammation parameters, the present results are unprecedented in the literature due to the analysis of microglia polarization, astrocyte evaluation and the protocol used (low dose, various treatment durations and long-term consequences in the withdrawal period).

We also investigated the gene expression of cytokine IL-10, an anti-inflammatory molecule that acts in periods of tissue repairment. IL-10 gene expression was increased during the withdrawal period (Figure 9C), in accordance with M2 microglia activation in the same period. These data indicate a possible process of CNS restoration following the reserpine-induced inflammatory process. IL-10 has been shown to induce M2 phenotype of microglia or promote the switch from the M1 to M2. Also, this cytokine can suppress iNOS expression by inhibiting NFkB. Interestingly, IL-10 and vitamin D have been tested in pre-clinical trials as possible candidates for a more effective treatment in PD, by reducing the neuroinflammation (Schwenkgrub et al., 2013).

Finally, it is important to mention that due to technical constraints, it was not possible to evaluate all groups in immunofluorescence and in the gene expression assays. In this respect, although the completion of experimental groups in all analyses would be ideal, the lack of some time points does not seem to hinder the general interpretation of the findings. Indeed, as illustrated in Table 2, the peak of the neuronal alteration indicative of neuroinflammation and dopaminergic deficits occur between the 10th and 15th injections, with some of them starting to appear after the 5th injection, even before the emergence of the motor deficit. Overall, these alterations had partial or total recovery 20 days after withdrawal, concomitant to increased anti-inflammatory indicatives. Thus, our results showed that reserpine-induced PD model leads to neuroinflammation, which reinforces the etiological validation of this model and provides tools for the study of this important process in neurodegenerative diseases.


TABLE 2    Summary of the results.

[image: Table 2]



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by the Comissão de ética no uso de animais—Universidade Federal de São Paulo.



Author contributions

DC and RS designed the study. DC coordinated and performed the experiments, conducted statistical analysis, and wrote the manuscript. MB, YM, AL, NG, VB, and JS participated in the data collection. SE, PB, and FC coordinated and participated in RT-PCR procedures. VB and JS participated in Figures design. JS and YM contributed to technical standardizations and theoretical discussions. RS coordinated the study and revised the final version. All authors contributed to the article and approved the submitted version.



Funding

This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brasil (CAPES, Finance Code 001) and the Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP, grants 2015/03354-3, 2017/26253-3, and 2019/02821-8). RS and JS were recipients of research fellowships from Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq, grants 313631/2021-2 and 308837/2020-7).



Acknowledgments

We would like to thank Claudenice Moreira dos Santos for capable technical assistance.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2022.923957/full#supplementary-material



References

Abílio, V. C., Silva, R. H., Carvalho, R. C., Grassl, C., Calzavara, M. B., Registro, S., et al. (2004). Important role of striatal catalase in aging- and reserpine-induced oral dyskinesia. Neuropharmacology 47, 263–272. doi: 10.1016/j.neuropharm.2004.04.003

Arora, V., and Chopra, K. (2013). Possible involvement of oxido-nitrosative stress induced neuro-inflammatory cascade and monoaminergic pathway: Underpinning the correlation between nociceptive and depressive behaviour in a rodent model. J. Affect. Disord. 151, 1041–1052. doi: 10.1016/j.jad.2013.08.032

Baskin, P., and Salamone, J. (1993). Vacuous jaw movements in rats induced by acute reserpine administration: Interactions with different doses of apomorphine. Pharmacol. Biochem. Behav. 46, 793–797. doi: 10.1016/0091-3057(93)90203-6

Benarroch, E. E. (2013). Microglia: Multiple roles in surveillance, circuit shaping, and response to injury. Neurology 81, 1079–1088. doi: 10.1212/WNL.0b013e3182a4a577

Beserra-Filho, J. I. A., de Macêdo, A. M., Leão, A. H., Bispo, J. M. M., Santos, J. R., de Oliveira-Melo, A. J., et al. (2019). Eplingiella fruticosa leaf essential oil complexed with β-cyclodextrin produces a superior neuroprotective and behavioral profile in a mice model of Parkinson’s disease. Food Chem. Toxicol. 124, 17–29. doi: 10.1016/j.fct.2018.11.056

Bispo, J. M. M., Melo, J. E. C., Gois, A. M., Leal, P. C., Lins, L. C. R. F., Souza, M. F., et al. (2019). Sex differences in the progressive model of parkinsonism induced by reserpine in rats. Behav. Brain Res. 363, 23–29. doi: 10.1016/j.bbr.2019.01.041

Brandão, L. E. M., Nôga, D. A. M. F., Dierschnabel, A. L., Campêlo, C. L. D. C., Meurer, Y. D. S. R., Lima, R. H., et al. (2017). Passiflora cincinnata extract delays the development of motor signs and prevents dopaminergic loss in a mice model of Parkinson’s disease. Evid. Based Complement. Altern. Med. 2017, 14–16. doi: 10.1155/2017/8429290

Campêlo, C. L. C., Santos, J. R., Silva, A. F., Dierschnabel, A. L., Pontes, A., Cavalcante, J. S., et al. (2017). Exposure to an enriched environment facilitates motor recovery and prevents short-term memory impairment and reduction of striatal BDNF in a progressive pharmacological model of Parkinsonism in mice. Behav. Brain Res. 328, 138–148. doi: 10.1016/j.bbr.2017.04.028

Chhor, V., le Charpentier, T., Lebon, S., Oré, M. V., Celador, I. L., Josserand, J., et al. (2013). Characterization of phenotype markers and neuronotoxic potential of polarised primary microglia in vitro. Brain Behav. Immun. 32, 70–85. doi: 10.1016/j.bbi.2013.02.005

de Chaumont, F., Dallongeville, S., Chenouard, N., Hervé, N., Pop, S., Provoost, T., et al. (2012). Icy: An open bioimage informatics platform for extended reproducible research. Nat. Methods 9, 690–696. doi: 10.1038/nmeth.2075

de Freitas, C. M., Busanello, A., Schaffer, L. F., Peroza, L. R., Krum, B. N., Leal, C. Q., et al. (2016). Behavioral and neurochemical effects induced by reserpine in mice. Psychopharmacology (Berl.). 233, 457–467. doi: 10.1007/s00213-015-4118-4

Deumens, R., Blokland, A., and Prickaerts, J. (2002). Modeling Parkinson’s disease in rats: An evaluation of 6-OHDA lesions of the nigrostriatal pathway. Exp. Neurol. 175, 303–317. doi: 10.1006/exnr.2002.7891

Dugger, B. N., and Dickson, D. W. (2017). Pathology of neurodegenerative diseases. Cold Spring Harb. Perspect. Biol. 9:a028035. doi: 10.1101/cshperspect.a028035

Fernandes, V. S., Santos, J. R., Leão, A. H. F. F., Medeiros, A. M., Melo, T. G., Izídio, G. S., et al. (2012). Repeated treatment with a low dose of reserpine as a progressive model of Parkinson’s disease. Behav. Brain Res. 231, 154–163. doi: 10.1016/j.bbr.2012.03.008

Franco, R., and Fernández-Suárez, D. (2015). Alternatively activated microglia and macrophages in the central nervous system. Prog. Neurobiol. 131, 65–86. doi: 10.1016/j.pneurobio.2015.05.003

Frankola, K. A., Greig, N. H., Luo, W., and Tweedie, D. (2011). Targeting TNF-alpha to elucidate and ameliorate neuroinflammation in neurodegenerative diseases. CNS Neurol. Disord. Drug Targets 10, 391–403. doi: 10.2174/187152711794653751

Gelders, G., Baekelandt, V., and van der Perren, A. (2018). Linking neuroinflammation and neurodegeneration in Parkinson’s disease. J. Immunol. Res. 2018, 1–12. doi: 10.1155/2018/4784268

Grozdanov, V., and Danzer, K. M. (2018). Release and uptake of pathologic alpha-synuclein. Cell Tissue Res. 373, 175–182. doi: 10.1007/s00441-017-2775-9

He, Q., Li, Y. H., Guo, S. S., Wang, Y., Lin, W., Zhang, Q., et al. (2016). Inhibition of Rho-kinase by Fasudil protects dopamine neurons and attenuates inflammatory response in an intranasal lipopolysaccharide-mediated Parkinson’s model. Eur. J. Neurosci. 43, 41–52. doi: 10.1111/ejn.13132

Hirsch, E. C., and Hunot, S. (2009). Neuroinflammation in Parkinson’s disease: A target for neuroprotection? Lancet Neurol. 8, 382–397. doi: 10.1016/S1474-4422(09)70062-6

Kim, W. G., Mohney, R. P., Wilson, B., Jeohn, G. H., Liu, B., and Hong, J. S. (2000). Regional difference in susceptibility to lipopolysaccharide-induced neurotoxicity in the rat brain: Role of microglia. J. Neurosci. 20, 6309–6316. doi: 10.1523/jneurosci.20-16-06309.2000

Leão, A. H. F. F., Meurer, Y. S. R., da Silva, A. F., Medeiros, A. M., Campêlo, C. L. C., Abílio, V. C., et al. (2017). Spontaneously hypertensive rats (SHR) are resistant to a reserpine-induced progressive model of Parkinson’s disease: Differences in motor behavior, tyrosine hydroxylase and α-synuclein expression. Front. Aging Neurosci. 9:78. doi: 10.3389/fnagi.2017.00078

Leão, A. H. F. F., Sarmento-Silva, A. J., Santos, J. R., Ribeiro, A. M., and Silva, R. H. (2015). Molecular, neurochemical, and behavioral hallmarks of reserpine as a model for Parkinson’s disease: New perspectives to a long-standing model. Brain Pathol. 25, 377–390. doi: 10.1111/bpa.12253

Lee, E.-J., Woo, M.-S., Moon, P.-G., Baek, M.-C., Choi, I.-Y., Kim, W.-K., et al. (2010). α-Synuclein activates microglia by inducing the expressions of matrix metalloproteinases and the subsequent activation of protease-activated receptor-1. J. Immunol. 185, 615–623. doi: 10.4049/jimmunol.0903480

Lee, K. I., Kim, M. J., Koh, H., Lee, J. I., Namkoong, S., Oh, W. K., et al. (2015). The anti-hypertensive drug reserpine induces neuronal cell death through inhibition of autophagic flux. Biochem. Biophys. Res. Commun. 462, 402–408. doi: 10.1016/j.bbrc.2015.04.145

Lins, L. C. R. F., Souza, M. F., Bispo, J. M. M., Gois, A. M., Melo, T. C. S., Andrade, R. A. S., et al. (2018). Carvacrol prevents impairments in motor and neurochemical parameters in a model of progressive Parkinsonism induced by reserpine. Brain Res. Bull. 139, 9–15. doi: 10.1016/j.brainresbull.2018.01.017

Lins, L., Souza, M., Cintra, R., Medeiros, K., Macêdo-Lima, M., Moraes, S. Z. C., et al. (2017). Attenuation of motor deficits by hydroethanolic extract of Poincianella pyramidalis in a Parkinson’s disease model. Bol. Latin. Am. Del Caribe De Plant. Med. Aromatic. 16, 150–161.

McGeer, P. L., Itagaki, S., Boyes, B. E., and McGeer, E. G. (1988). Reactive microglia are positive for HLA-DR in the: Substantia nigra of Parkinson’s and Alzheimer’s disease brains. Neurology 38, 1285–1285. doi: 10.1212/wnl.38.8.1285

Mittelbronn, M., Dietz, K., Schluesener, H. J., and Meyermann, R. (2001). Local distribution of microglia in the normal adult human central nervous system differs by up to one order of magnitude. Acta Neuropathol. 101, 249–255. doi: 10.1007/s004010000284

Mogi, M., Harada, M., Kondo, T., Narabayashi, H., Riederer, P., and Nagatsu, T. (1995). Transforming growth factor-β1 levels are elevated in the striatum and in ventricular cerebrospinal fluid in Parkinson’s disease. Neurosci. Lett. 193, 129–132. doi: 10.1016/0304-3940(95)11686-Q

Mogi, M., Harada, M., Riederer, P., Narabayashi, H., Fujita, K., and Nagatsu, T. (1994a). Tumor necrosis factor-α (TNF-α) increases both in the brain and in the cerebrospinal fluid from Parkinsonian patients. Neurosci. Lett. 165, 208–210. doi: 10.1016/0304-3940(94)90746-3

Mogi, M., Mogi, M., Harada, M., Harada, M., Kondo, T., Kondo, T., et al. (1994b). Interleukin-1 beta, interleukin-6, epidermal growth factor and transforming growth factor-alpha are elevated in the brain from parkinsonian patients. Neurosci. Lett. 180, 147–150. doi: 10.1016/0304-3940(94)90508-8

Nakagawa, Y., and Chiba, K. (2015). Diversity and plasticity of microglial cells in psychiatric and neurological disorders. Pharmacol. Ther. 154, 21–35. doi: 10.1016/j.pharmthera.2015.06.010

Niranjan, R., Rajasekar, N., Nath, C., and Shukla, R. (2012). The effect of guggulipid and nimesulide on MPTP-induced mediators of neuroinflammation in rat astrocytoma cells, C6. Chem. Biol. Interact. 200, 73–83. doi: 10.1016/j.cbi.2012.08.008

Pereira, A. G., Poli, A., Matheus, F. C., de Bortoli da Silva, L., Fadanni, G. P., Izídio, G. S., et al. (2020). Temporal development of neurochemical and cognitive impairments following reserpine administration in rats. Behav. Brain Res. 383:112517. doi: 10.1016/j.bbr.2020.112517

Peres, F. F., Levin, R., Almeida, V., Zuardi, A. W., Hallak, J. E., Crippa, J. A., et al. (2016). Cannabidiol, among other cannabinoid drugs, modulates prepulse inhibition of startle in the SHR animal model: Implications for schizophrenia pharmacotherapy. Front. Pharmacol. 7:303. doi: 10.3389/fphar.2016.00303

Rahman, M. M., Chakraborti, R. R., Potol, M. A., Abir, A. H., Sharmin, O., Alam, M., et al. (2020). Epalrestat improves motor symptoms by reducing oxidative stress and inflammation in the reserpine induced mouse model of Parkinson’s disease. Anim. Models Exp. Med. 3, 9–21. doi: 10.1002/ame2.12097

Reale, M., Iarlori, C., Thomas, A., Gambi, D., Perfetti, B., di Nicola, M., et al. (2009). Peripheral cytokines profile in Parkinson’s disease. Brain Behav. Immun. 23, 55–63. doi: 10.1016/j.bbi.2008.07.003

Reckziegel, P., Chen, P., Caito, S., Gubert, P., Soares, F. A. A., Fachinetto, R., et al. (2016). Extracellular dopamine and alterations on dopamine transporter are related to reserpine toxicity in Caenorhabditis elegans. Arch. Toxicol. 90, 633–645. doi: 10.1007/s00204-015-1451-7

Rojanathammanee, L., Murphy, E. J., and Combs, C. K. (2011). Expression of mutant alpha-synuclein modulates microglial phenotype in vitro. J. Neuroinflamm. 8, 1–12. doi: 10.1186/1742-2094-8-44

Salamone, J., and Baskin, P. (1996). Vacuous jaw movements induced by acute reserpine and low-dose apomorphine: Possible model of Parkinsonian tremor. Pharmacol. Biochem. Behav. 53, 179–183. doi: 10.1016/0091-3057(95)00164-6

Santos, J. R., Cunha, J. A. S., Dierschnabel, A. L., Campêlo, C. L., Leão, A. H., Silva, A. F., et al. (2013). Cognitive, motor and tyrosine hydroxylase temporal impairment in a model of Parkinsonism induced by reserpine. Behav. Brain Res. 253, 68–77. doi: 10.1016/j.bbr.2013.06.031

Sarmento-Silva, A. J. (2015). Alpha-tocopherol counteracts cognitive and motor deficits induced by repeated treatment with reserpine. Biochem. Pharmacol. Open Access 4, 2167–2501. doi: 10.4172/2167-0501.1000153

Schwenkgrub, J., Joniec-Maciejak, I., Sznejder-Pachołek, A., Wawer, A., Ciesielska, A., Bankiewicz, K., et al. (2013). Effect of human interleukin-10 on the expression of nitric oxide synthases in the MPTP-based model of Parkinson’s disease. Pharmacol. Rep. 65, 44–49. doi: 10.1016/S1734-1140(13)70962-9

Sheng, J. G., Shirabe, S., Nishiyama, N., and Schwartz, J. P. (1993). Alterations in striatal glial fibrillary acidic protein expression in response to 6-hydroxydopamine-induced denervation. Exp. Brain Res. 95, 450–456. doi: 10.1007/BF00227138

Subramaniam, S. R., and Federoff, H. J. (2017). Targeting microglial activation states as a therapeutic avenue in Parkinson’s disease. Front. Aging Neurosci. 9:176. doi: 10.3389/fnagi.2017.00176

Tan, E. K., Chao, Y. X., West, A., Chan, L. L., Poewe, W., and Jankovic, J. (2020). Parkinson disease and the immune system — associations, mechanisms and therapeutics. Nat. Rev. Neurol. 16, 303–318. doi: 10.1038/s41582-020-0344-4

Tang, Y., and Le, W. (2016). Differential roles of M1 and M2 microglia in neurodegenerative diseases. Mol. Neurobiol. 53, 1181–1194. doi: 10.1007/s12035-014-9070-5

Thakur, P., and Nehru, B. (2014). Inhibition of neuroinflammation and mitochondrial dysfunctions by carbenoxolone in the rotenone model of Parkinson’s disease. Mol. Neurobiol. 51, 209–219. doi: 10.1007/s12035-014-8769-7

Trudler, D., Weinreb, O., Mandel, S. A., Youdim, M. B. H., and Frenkel, D. (2014). DJ-1 deficiency triggers microglia sensitivity to dopamine toward a pro-inflammatory phenotype that is attenuated by rasagiline. J. Neurochem. 129, 434–447. doi: 10.1111/jnc.12633

Tysnes, O. B., and Storstein, A. (2017). Epidemiology of Parkinson’s disease. J. Neural Trans. 124, 901–905. doi: 10.1007/s00702-017-1686-y

van Onselen, R., and Downing, T. G. (2021). Neonatal reserpine administration produces widespread neuronal losses and α-synuclein inclusions in a rat model. Neurotox. Res. 39, 1762–1770. doi: 10.1007/s12640-021-00434-x

Zhang, P., Li, Y., Han, X., Xing, Q., and Zhao, L. (2017). Dexmedetomidine regulates 6-hydroxydopamine-induced microglial polarization. Neurochem. Res. 42, 1524–1532. doi: 10.1007/s11064-017-2209-9

Zhang, W., Wang, T., Pei, Z., Miller, D. S., Wu, X., Block, M. L., et al. (2005). Aggregated α−synuclein activates microglia: A process leading to disease progression in Parkinson’s disease. FASEB J. 19, 533–542. doi: 10.1096/fj.04-2751com

Zhao, Y. F., Zhang, Q., Xi, J. Y., Li, Y. H., Ma, C. G., and Xiao, B. G. (2015). Multitarget intervention of Fasudil in the neuroprotection of dopaminergic neurons in MPTP-mouse model of Parkinson’s disease. J. Neurol. Sci. 353, 28–37. doi: 10.1016/j.jns.2015.03.022



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neuroinflammation in early, late and recovery stages in a progressive parkinsonism model in rats



		Introduction



		Materials and methods



		Subjects and general procedures



		Drug



		Experimental design



		Catalepsy test



		Immunohistochemistry



		Immunofluorescence



		Gene expression of pro-inflammatory cytokines (TNF-α, IL-10, and IL-1β)



		Statistical analysis







		Results



		Behavioral analysis



		Bar catalepsy







		Neurochemical analysis



		Immunohistochemistry for tyrosine hydroxylase



		Immunohistochemistry for GFAP



		Immunohistochemistry for IBA 1



		Immunofluorescence for CD11b/iNOS (microglia M1 phenotype)



		Immunofluorescence CD11b/ArgI (microglia M2 phenotype)



		RT-PCR gene expression of pro-inflammatory cytokines TNF-α, IL-10, and IL-1β











		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/fnins-16-923957-g001.jpg
Y Y Y Y
® ® ® &
O O @ ©
- = E EEE e EEEEEEEE S EEEEE e EE e EE . m-=--

) )) )) )6 )8 )10)12)14 )16 )18 )20 )22 )24 ) 26)28 )30 Y)))))50 )
A AAAAAAAAAMNMAAAAA

------ » Catalepsy Test Y Immunohistochemistry @ RT-PCR

A Injections

@ Euthanasia ) ) Days






OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neuroscience

Neuroinflammation in early, late
and recovery stages in a
progressive parkinsonism model
in rats





OPS/images/fnins-16-923957-g003.jpg
mm SNpc

N
(&)
|

I._|

|_|

|_|
|

o
3
|

T T T |
5th injections 10th injections15th injections W/D 20 days

Number of TH+ cells
Normalized by Vehicle 5th inj. (A.U.)
o
& :

1 VEHICLE mm RESERPINE

VEHICLE RESERPINE

15th INJ. 10th INJ. S5th INJ.

W/D 20 DAYS







OPS/images/fnins-16-923957-g002.jpg
Catalepsy duration (s)

N
o
]

H
T

W
T

N
T

-
o
|

o
|

I o =0 0 D G W © s S O © e © e © s, St s A © e O e @ e S
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

AAAAAAAAAAAALAAAA

Days of Treatment

A INJECTIONS -O0- VEHICLE -~ RESERPINE










OPS/images/fnins-16-923957-g009.jpg
>

1.5-

of TNF-a

0.5+

Relative gene expression

2.0+

0.0

TNF-a

i
(=)
1

-
(¢ )]
1

Relative gene expression
of IL-1 B
o -
3 o
1 1

=
o

1 | 1
5th injections 10th injections W/D 20 days

IL-18

2.0~

-
()]
|

Relative gene expression
of IL-10
.o —_
(&) o
] ]

1 1 1
5th injections 10th injections W/D 20 days

IL-10

0.0

I ! I
5th injections 10th injections W/D 20 days

— VEHICLE wmm RESERPINE






OPS/images/fnins-16-923957-g008.jpg
DORSAL STRIATUM

SNpc

VEH 5thINJ

DORSAL STRIATUM

RES 5thINJ

VEH 15thINJ

1

20—

_|
—

T

% of CD11 /ARG I" in Dorsal Striatum

i [
| —

5th injections 15th injections W/D 20 days

100

80—

% of CD11"/ARG I” in SNpc

60—
40— — T
20— |l‘ iR
, ||
| | |

5th injections 15th injections WI/D 20 days

RES 15thINJ

—= VEHICLE mm RESERPINE

VEH W/D20

RES W/D20






OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience







OPS/images/fnins-16-923957-g005.jpg
N w e o
| | | |

-
|

Relative Optical Density of IBA |

Normalized by Vehicle 5th inj. (A.U.)

o

10th INJ. 5th INJ.

W/D 20 DAYS

mm DORSAL
STRIATUM

5th injections

PR S

10th injections

VEHICLE

WI/D 20 days

— VEHICLE

RESERPINE

O

mm SNpc

-
= (o)) (o) o
| | | |

N
|

Relative Optical Density of IBA |
Normalized by Vehicle 5th inj. (A.U.)

o

5th injections

mm RESERPINE

VEHICLE

DORSAL STRIATUM

10th injections WI/D 20 days

RESERPINE

SNpc





OPS/images/fnins-16-923957-g004.jpg
g
»
|

g
(=)

-
(3]

-
o

=
o

Relative Optical Density of GFAP+
Normalized by Vehicle 5th inj. (A.U.)

e
o

15th INJ. 10th INJ. Sth INJ.

W/D 20 DAYS

== DORSAL
STRIATUM

| | I |
5th injections 10th injections 15th injections W/D 20 days

VEHICLE

O

Relative Optical Density of GFAP+
Normalized by Vehicle 5th inj. (A.U.)

*

*

— VEHICLE mm RESERPINE

RESERPINE

VEHICLE

*

mm SNpc

*

I__LI

ﬁ. I ﬁl

5th injections 10th injections 15th injections W/D 20 days

DORSAL STRIATUM






OPS/images/fnins-16-923957-g007.jpg
DORSAL STRIATUM

SNpc

mm DORSAL STRIATUM

D

VEH 5thINJ RES 5thINJ VEH 15thINJ

% of CD117iNOS * in Dorsal Striatum

-
o
T

(o)
T

60—

i
_ |
. x
20 Ill I H

I I I
5th injections 15th injections WI/D 20 days

o

100- *
& [ |
?,- 80
w 60-
N
+“: 40 —T
o)
3)
S 20-
0 | I
5th injections 15th injections WI/D 20 days
—= VEHICLE mm RESERPINE
RES 15thINJ VEH W/D20 RES W/D20






OPS/images/fnins-16-923957-g006.jpg
 —

ol —

—

5th injections 15th injections W/D 20 days

| | | | |
wn < N — o

_|
I
™

("'n"v) "fur yg a|d1yaA Aq pazijew.onN
9dNS ul S|192 +911AD J0 JaquinN

_I

| | | | | |
n < ™ N o o

(‘n°v) "ful yig 9jd1yaA Aq pazijewtoN
winjeu)s [esi1oq ul s|192 +q1 1A Jo 12quinN

i
5th injections 15th injections W/D 20 days

mm RESERPINE

— VEHICLE





OPS/images/fnins-16-923957-t002.jpg
Parameter Figure 5Res 10 Res 15 Res W/D 20 days

Catalepsy duration 2 ns 4 + ns
Tyrosine Hydroxylase/SNpc (IH) 3 ns 9 i ns
GFAP/DS (IH) 4 ns ns 4 ns
GFAP/SNpc (IH) 4 ns 1 1 1
IBA 1/DS (IH) 5 4 1 ni 1
IBA 1/SNpc (IH) 5 ns 4 ni ns
CD11b/DS (IH) 6 ni ns 1
CD11b/SNpc (IH) 6 1 ni 1 1
CD11b + iNOS/DS (IF) 7 ns ni 1 ns
CD11b + iNOS/SNpc (IF) 7 ns ni 4 ns
CD11b + Arg I/DS (IF) 8 ns ni ns 1
CD11b + Arg I/SNpc (IF) 8 ns ni ns 4
TNE-a/D$ (RTPCR) 9 ns 1 ni ns
IL-1B/DS (RTPCR) 9 ns ns ni ns
IL-10/DS (RTPCR) 9 ns ns ni 4
a-synuclein/DS (IH) Suppl. T 1 ni 1
a-synuclein/SNpc (TH) Suppl. x % ni ns

Outcomes after 5, 10, or 15 injections of reserpine (Res) or after 20 days of treatment withdrawal (W/D 20 days) compared to vehicle-treated groups.t, increase; |, decrease; ns, no significant
effect; ni, not included in the analysis; DS, dorsal striatum; SNpc, substantia nigra pars compacta; IH, immunohistochemistry assay; IF, immunofluorescence assay.
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Injections Treatment Mean catalepsy duration(s)

5 injections Veh 01.51 4 0.44
Res 02.73 £0.75
10 injections Veh 02.20 + 0.38
Res 10.72 4+ 1.35
15 injections Veh 02.12 4 0.52
Res 33.30 £ 8.28*
W/D 20 days Veh 01.17 £ 0.28
Res 16.53 &+ 5.17

Dataare expressed as mean &= SEM. *p < 0.05 compared to all other groups (two-way ANOVA
followed by Sidaks test).
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