

[image: image1]
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Twelve-month-old male mice expressing the human A53T variant of α-synuclein (A53T) develop dopamine neuron degeneration, neuroinflammation, and motor deficits, along with dysfunctions of the mitochondrial Na+-Ca2+ exchanger (NCX) isoforms 1 (NCX1) and 3 (NCX3) in the nigrostriatal system. Since gender is thought to play a role in the etiology of Parkinson’s disease (PD), we characterized neurochemical and behavioral alterations in 12-month-old female A53T transgenic mice. We investigated the presence of dopaminergic degeneration, astrogliosis and microgliosis using immunohistochemistry for tyrosine hydroxylase (TH), glial fibrillary acidic protein (GFAP) and ionized calcium-binding adaptor molecule-1 (IBA-1) in both the substantia nigra pars compacta (SNc) and striatum. In the same regions, we also evaluated the co-localization of NCX1 in cells positive for IBA-1 and the co-localization of NCX3 in TH-positive neurons and fibers. Furthermore, in both male and female mice, we performed motor (beam walking and pole tests) and memory [novel object recognition (NOR) and spontaneous alternation] tasks, together with tests to evaluate peripheral deficits (olfactory and stool collection tests). Female A53T transgenic mice displayed degeneration of nigral dopaminergic neurons, but neither microgliosis nor astrogliosis in the SNc and striatum. Moreover, female A53T transgenic mice displayed co-localization between NCX1 and IBA-1 positive cells in the striatum but not SNc, whereas NCX3 did not co-localize with either TH-positive terminals or neuronal bodies in the nigrostriatal system. Furthermore, female A53T transgenic mice showed increased crossing time in the beam walking test, but no impairments in the pole or memory tests, and in tests that evaluated peripheral deficits, whereas male A53T transgenic mice displayed motor, memory and peripheral deficits. Immunohistochemical and behavioral results obtained here in the female mice differ from those previously observed in males, and suggest a dissimilar influence of NCX1 and NCX3 on dopaminergic function in female and male A53T transgenic mice, strengthening the validity of these mice as a model for studying the etiological factors of PD.

Keywords: constipation, dopamine, GFAP, IBA-1, memory, midbrain, NCXs, striatum


INTRODUCTION

Parkinson’s disease (PD) is a complex neurodegenerative disorder characterized by the demise of dopaminergic neurons in the substantia nigra pars compacta (SNc) and by the reduction of dopaminergic tone at the level of the striatum (Obeso et al., 2010, 2017; Halliday et al., 2011; Costa and Morelli, 2015). Although most patients develop idiopathic PD (Mayeux et al., 1995), several factors, such as gender, mutations in specific genes, neuroinflammation, mitochondrial dysfunctions, oxidative stress, excitotoxicity and dysfunction of the protein degradation system have been shown to increase the likelihood of developing PD (Schapira and Jenner, 2011; Pang et al., 2019).

In particular, gender seems to be a key factor in PD, since several studies have demonstrated that men have a two-fold (or higher) increase in the relative risk of developing the disease compared to women, irrespective of age (Baldereschi et al., 2000; Gillies et al., 2014; Labandeira-Garcia et al., 2016). Notably, differences in sex hormones, particularly estrogens, do not adequately account for the influence of gender on the manifestation of PD, as shown by the contrasting results obtained in studies that evaluated the relationship between the use of postmenopausal hormone therapy and variations in the risk of developing PD in women (Simon et al., 2009). Thus, a possible explanation for such a gender effect may be provided by the evidence that intrinsic differences exist between the brains of men and women in structures that are affected by PD. For example, it has been shown that men express higher numbers of neuronal cells and regulatory networks in the nigrostriatal dopaminergic system, compared to women (Gillies and McArthur, 2010; Villa et al., 2016). Another study found a dissimilar upregulation in the expression of genes related to familial forms of PD in parkinsonian men and women (Cantuti-Castelvetri et al., 2007). More specifically, an upregulation of genes involved in signal transduction and neuronal maturation was observed in parkinsonian women, while an upregulation of genes implicated in the pathogenesis of PD (α-synuclein and PINK1) was found in parkinsonian men (Cantuti-Castelvetri et al., 2007). Another possible explanation for the gender effect observed in PD may involve alterations in mitochondrial function (Briston and Hicks, 2018; Reeve et al., 2018; McAvoy and Kawamata, 2019), and in particular an impairment in complex I of the electron transport system. In this regard, one study that genotyped the polypeptides encoded by the mitochondrial genome in both PD patients and general population found that the single-nucleotide polymorphism 10398G seemed to be associated with a decreased risk of PD and that this association appeared to be stronger in women than in men (van der Walt et al., 2003). Moreover, the same study found that single-nucleotide polymorphism 9055A was associated with a reduced risk of PD in women, but not in men (van der Walt et al., 2003).

In the context of preclinical studies on familial forms of PD, transgenic mice expressing the human A53T variant of α-synuclein have emerged as a valuable experimental model. From 8 months of age, A53T transgenic mice display inclusions of α-synuclein, a pathological hallmark of PD, with dense accumulation in the spinal cord, brainstem, cerebellum, and thalamus, whose manifestation parallels the onset of motor impairment (Giasson et al., 2002). Moreover, A53T transgenic mice display mitochondria with abnormal morphology, along with deficiency of mitochondrial complex IV in spinal cord homogenates and damage of mitochondrial DNA in the brainstem, neocortex, and spinal cord ventral horn (Giasson et al., 2002; Martin et al., 2006), thus supporting previous evidence that has implicated mitochondrial dysfunctions in the etiology of PD (Briston and Hicks, 2018; Reeve et al., 2018; McAvoy and Kawamata, 2019). Na+-Ca2+ exchangers (NCXs) regulate Na+ and Ca2+ homeostasis and exist in two isoforms, 1 and 3 (Canitano et al., 2003). Both NCX1 and NCX3 are plasma membrane ionic exchangers that can modulate the synthesis and release of neurotransmitters in the central and peripheral nervous systems, as well as the release of anterior pituitary hormones (Annunziato et al., 2004). The NCX1 isoform is expressed in several peripheral organs and the brain (Annunziato et al., 2004); although the exact physiological roles of NCX1 in the brain have not yet been defined, in vitro studies have provided evidence that NCX1 is the most highly expressed isoform in microglia (Quednau et al., 1997; Newell et al., 2007; Boscia et al., 2009). The NCX3 isoform is selectively expressed in the brain and skeletal muscle (Papa et al., 2003), where it plays a fundamental role in buffering the intracellular Ca2+ and Na+ overload that occurs under physiological and pathological conditions (Condrescu et al., 1995; Linck et al., 1998; Secondo et al., 2007). Moreover, NCX3 is also localized on the outer mitochondrial membrane where it conributes to the regulation of mitochondrial Ca2+ homeostasis (Scorziello et al., 2013).

In a recent study, we have demonstrated that 12-month-old male A53T transgenic mice display several abnormalities reminiscent of human PD such as the following: (a) decreased immunoreactivity for tyrosine hydroxylase (TH) in the SNc and striatum; (b) increased levels of the neuroinflammatory markers ionized calcium-binding adaptor molecule 1 (IBA-1), in the striatum, and glial fibrillary acidic protein (GFAP), in the SNc and striatum; (c) motor deficits. Moreover, our previous study found that NCX1 was co-expressed in IBA-1-positive microglial cells in the striatum and that NCX3 was co-expressed in TH-positive neurons in the SNc (Sirabella et al., 2018). Taken together, these findings would suggest that mitochondrial dysfunctions dependent on NCXs may be associated with dopamine neuron degeneration and gliosis, both of which may contribute to the PD-like phenotype displayed by male A53T transgenic mice.

The present study was performed to evaluate the gender differences in neurodegeneration, neuroinflammation and NCXs in the nigrostriatal system and glial cells of 12-month-old female A53T transgenic mice, to gain insight into the influence that gender may play in the manifestation of PD-like alterations in this strain of mice. Specifically, we evaluated in both the SNc and striatum the presence of dopaminergic degeneration, astrogliosis and microgliosis using immunoreactivity for TH, GFAP, and IBA-1, respectively. Besides, we evaluated the co-localization of NCX1 in IBA-1-positive cells and of NCX3 in TH-positive fibers and neurons. Finally, we characterized whether male and female A53T transgenic mice displayed a dissimilar performance in a battery of behavioral tasks that included the beam walking and pole tests, used to assess motor performance and motor coordination; the novel object recognition (NOR) and the spontaneous alternation behavior in a Y-maze (SAB) tests, used to evaluate the non-spatial and spatial component of short-term memory; the olfactory and one-hour stool collection tests, used to evaluate the presence of peripheral deficits related to olfactory or intestinal dysfunctions that may precede the occurrence of motor impairment in PD.



MATERIALS AND METHODS


Animals

Twelve-month-old male and female mice expressing the human A53T α-synuclein mutation under the control of a prion promoter (Pmp-SNCA*A53T; Giasson et al., 2002) were obtained from The Jackson Laboratory. Mice hemizygous for the α-synuclein A53T mutation were bred on a mixed C57Bl/6 × C3H background to produce transgenic and non-transgenic littermates. To identify A53T mice, PCR was performed according to the protocol provided by The Jackson Laboratory. All mice were housed in groups of 1–5, in temperature and humidity-controlled rooms under a 12-h light/dark cycle and fed an ad libitum diet of standard mouse chow. All experiments were conducted in accordance with the guidelines for animal experimentation of the EU directives (2010/63/EU; L.276; 22/09/2010) and with the guidelines approved by the Ethical Committees of the University of Cagliari and of Federico II University of Naples. Experiments were designed to minimize animal discomfort to the least possible extent and to reduce the number of animals used.



Immunohistochemistry


Tissue Preparation and Staining

Mice were anesthetized and transcardially perfused with paraformaldehyde (4% in 0.1 M phosphate buffer, pH 7.4). For each immunohistochemical evaluation, three sections of 50 μm from the SNc (A: −2.92 mm; −3.28 mm; −3.64 mm from bregma) and striatum (A: 1.10 mm; 0.74 mm; 0.38 mm from bregma), according to the mouse brain atlas of Paxinos and Franklin (2008), were cut coronally on a vibratome. Then, sections were incubated overnight at 4°C with the primary antibody (polyclonal mouse anti-TH, 1:1,000, Sigma–Aldrich, Milan, Italy; monoclonal mouse anti-GFAP, 1:400, Sigma-Aldrich, Milan, Italy; polyclonal goat anti-IBA-1, 1:1,000, Novus Biologicals Europe, Abingdon, UK). Moreover, to investigate NCX1 and NCX3 co-localization in dopaminergic neurons and microglial cells, double immunostaining for IBA-1+NCX1 and TH+NCX3 was performed in the SNc and striatum (polyclonal rabbit anti-NCX1, 1:5,000, Swant, Marly, Switzerland; polyclonal rabbit anti-NCX3, 1:5,000, Swant, Marly, Switzerland). For diaminobenzidine visualization of TH in the SNc, a biotinylated goat anti-mouse immunoglobulin G (IgG; 1:500) was used as a secondary antibody and the avidin-biotin-peroxidase (ABC) complex protocol was followed (Costa et al., 2013). For the visualization of TH, in the striatum, and of GFAP and IBA-1, in the SNc and striatum, the proper fluorescent secondary antibody (AlexaFluor 488-labeled donkey anti-mouse IgG for TH and GFAP; AlexaFluor 594-labeled donkey anti-goat IgG for IBA-1, 1:400) was used (Costa et al., 2018). For the double immunostaining of IBA-1, TH, NCX1, and NCX3, AlexaFluor 594-labeled donkey anti-goat IgG, AlexaFluor 488-labeled donkey anti-mouse IgG, and AlexaFluor 594-labeled donkey anti-rabbit IgG (all 1:400) were used as secondary antibodies. To allow visualization of cell nuclei in the fluorescent staining, sections were finally incubated for 10 min with 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI, 1:10,000). The sections were mounted on gelatin-coated slides, dehydrated, and mounted on coverslips. Standard control experiments were performed by omission of the primary or secondary antibody and yielded no cellular labeling (data not shown).



Stereological Counting of TH-Immunoreactive Neurons in the SNc

Stereological analysis of the total number of TH-positive neurons in the SNc was carried out blind in both hemispheres, using a software (Stereologer) linked to a motorized stage on a light microscope (Pinna et al., 2016; Costa et al., 2019b). The SNc region was outlined at low magnification (2×), and quantification of cells was achieved using automatically randomized sampling and an optical dissector (50 × 50 × 15 μm). Cells were sampled with a 40× objective through a defined depth with a guard zone of 2 μm. Coefficients of error ranged from 0.05 to 0.1 (Costa et al., 2017, 2019a).



Analysis of TH Immunoreactivity in the Striatum

Images were digitized (Axio Scope A1, Zeiss, Oberkochen, Germany) in greyscale and captured at 5× magnification. Analysis was performed in a blinded manner in the three sections. The density of immunoreacted fibers was determined quantitatively using the ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA). The final values are expressed as a percentage of the WT group. No significant differences in the densities of immunoreacted fibers were found among the three sections (data not shown); accordingly, values from different levels were averaged.



Analysis of GFAP- and IBA-1-Positive Cells in the SNc and Striatum

In each of the three brain sections the whole SNc and two portions of the striatum (dorsolateral and ventromedial), left and right, were acquired with the same epifluorescence microscope cited above. The sections were captured at 10× magnification for analysis of the SNc, or 20× magnification for analysis of the striatum. The number of cells labeled with the nuclear marker DAPI was counted manually for each level of the SNc and striatum using the ImageJ software. Cells were counted when a cell body with branching processes was observed, as well as when processes were detected that converged onto a central point, likely corresponding to the position of a cell body deeper in the tissue. GFAP-/IBA-1-expressing fibers without a clear indication of associated cell bodies were not counted. To assure that the quantification of the number of GFAP-/IBA-1-positive cells in a single section accurately reflected the total number of GFAP-/IBA-1-positive cells, we analyzed only those cells labeled with the nuclear marker DAPI.



Analysis of TH+NCX3 and IBA-1+NCX1 Co-localization in the SNc and Striatum

Each of the three brain sections, (i.e., whole SNc, dorsolateral and ventromedial striatum, left and right) were acquired at high magnification (40×) using an epifluorescence microscope as described above. Quantitative analysis of co-localization of TH with NCX3 and of IBA-1 with NCX1 was conducted using the ImageJ plugin Just Another Co-localization Plugin (JACoP; Bolte and Cordelières, 2006). A correlation of signal intensity was calculated as a Pearson correlation coefficient (Rr). The coefficient Rr is a quantitative measurement that estimates the degree of overlap between the fluorescence signals obtained from two channels (Dunn et al., 2011).


Behavioral Tests


Beam Walking Test

The motor performance and motor coordination of female A53T transgenic and WT mice were evaluated with the beam walking test (Ogawa et al., 1985; Fleming et al., 2004; Hwang et al., 2005; Meredith and Kang, 2006; Quinn et al., 2007). In this test, mice were trained to traverse the length of a Plexiglas beam divided into four sections (25 cm each, 1 m total length) with a decreasing width of 4, 3, 2, or 1 cm; the beam was placed on a table such that it led into the mouse home cage. Mice received 2 days of training before testing. On the first day, mice received two assisted trials, involving the placement of each individual mouse on one extremity of the beam to encourage forward movement along the beam. After two assisted trials, mice were able to traverse the entire length of the beam unassisted. The 2-day training sessions ended when all mice completed five unassisted runs across the entire length of the beam. To render the task more challenging, on the test day a mesh grid (1 cm squares) was placed over the beam surface. Mice were videotaped for a total of five trials. An error was counted when a limb slipped through the grid during a forward movement; therefore, every mouse could make a maximum of four slips per step. By scoring each limb slip individually, the severity of errors could be measured. Time to traverse the beam, number of steps, and error per step scores were calculated across all the five trials and averaged for each group.



Pole Test

The pole test was used to evaluate the agility of female A53T transgenic and WT mice. This test has been previously used to assess basal ganglia-related motor impairment in mice, since it involves skilled forelimb grasping and maneuvering which require an intact basal ganglia and activation of the rubrospinal pathway (Ogawa et al., 1985, 1987; Matsuura et al., 1997; Sedelis et al., 2001; Fernagut et al., 2003; Fleming et al., 2004). Mice received 2 days of training before testing, during which they were placed head upward at the top of a vertical rough-surfaced pole (diameter 1 cm; height 55 cm). On the test day, the time spent by each mouse to reach the floor was recorded during three trials and the average score was expressed in seconds.



Novel Object Recognition (NOR) Task

NOR experiments were performed in male and female A53T and WT mice using a Plexiglas cage (length 25.5 cm, width 19 cm, height 14 cm) with a sawdust-covered floor. Objects to be discriminated were made of plastic and differed in shape and color. Moreover, objects had no genuine significance and had not been previously associated with either rewarding or aversive stimuli. The experimental procedure consisted of three phases: habituation to the test cage for 5 min (S0), acquisition (S1), and testing (S2). Acquisition was performed the day after S0, by placing each mouse in the test cage together with two identical copies of an object (familiar objects). Mice were left to freely explore the objects for 3 min. The testing phase took place 60 min after S1. Mice were exposed to one copy of the objects already presented in S1, plus another object that they had never experienced before (novel object). Object exploration was defined as the mouse sniffing, gnawing, or touching the objects with its nose, whereas sitting on and/or circling the objects were not considered exploratory behaviors. To avoid any olfactory cues, objects were thoroughly cleaned after each session. Moreover, the combination of objects (familiar vs. novel) and their respective locations in the cage (right vs. left) were counterbalanced to prevent biased preferences for specific objects and/or locations. Mice performance was videotaped, and the following parameters were evaluated: (a) total amount of time spent by each mouse exploring the objects during S1 and S2; and (b) percentage of time spent exploring the novel object over the total amount of time spent exploring both objects (novel and familiar) during S2 (Simola et al., 2008; Costa et al., 2014).



Spontaneous Alternation Behavior in a Y-Maze (SAB)

Experiments were performed in male and female A53T and WT mice using an apparatus made of black PVC that had three equal arms (length 40 cm, width 11 cm, height 20.5 cm). The arms converged onto a central triangular area, resembling the shape of a Y, and the floor of the maze was covered with sawdust. To avoid any olfactory cues, the maze was thoroughly cleaned, and the sawdust was replaced in between each trial. Mice with no prior experience of the maze were individually placed in the central area and left to explore the whole apparatus freely for a single 8-min trial, during which their performance was videotaped. The percentage of SAB was calculated based on the sequence of arm entries, as reported elsewhere (Costa et al., 2014, 2015).



Olfactory Test

Male and female A53T and WT mice were food-deprived for 20 h before testing, which was conducted in a clean plastic cage (length 42 cm, width 24 cm, height 15 cm). Each mouse was individually placed in the center of the cage and had to retrieve an odorous pellet that was buried under the bedding (at a depth of 1 cm). The amount of time required to retrieve the pellet and bite it was measured for each mouse tested (Lehmkuhl et al., 2014).



One-Hour Stool Collection Test

Male and female A53T and WT mice were individually placed in a clean cage and monitored throughout the 1-h collection period. Fecal pellets were collected immediately after expulsion and placed in sealed 1.5 ml tubes to avoid evaporation. Tubes were weighed to obtain the wet weight of the stool, which was then dried overnight at 65°C and reweighed to obtain the dry weight. The stool water content was calculated from the difference between the wet and dry stool weights (Li et al., 2006).


Statistics

Statistical analysis was performed with Statistica for Windows (StatSoft, Tulsa, OK, USA). Differences in the immunoreactivity for TH, GFAP, IBA-1, TH+NCX3 and IBA-1+NCX1, and in the scores obtained in the beam walking and pole tests were analyzed by means of unpaired t-test. Differences in the scores obtained in the NOR, SAB, olfactory and stool tests were analyzed by means of two-way (gender × genotype) analysis of variance (ANOVA), followed by Newman–Keuls post hoc test. Results were considered significant at p < 0.05, and were expressed as mean ± SEM for every analysis performed.








RESULTS


Immunohistochemical Modifications in Female 12-Month-Old A53T Transgenic Mice

A previous study by our group (Sirabella et al., 2018) has demonstrated that 12-month-old A53T male mice display a decrease in the immunoreactivity for TH in both the SNc and striatum, an increase in the immunoreactivity for IBA1 in the striatum and for GFAP in the SNc and striatum, along with a co-localization of NCX1 in IBA-1-positive cells in the striatum and of NCX3 in TH-positive neurons in the SNc (Table 1).

TABLE 1. Results obtained in 12-month-old male A53T mice, as compared with WT mice, adapted from Sirabella et al. (2018).
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TH Immunoreactivity in the SNc and Striatum

Female A53T transgenic mice displayed a significant reduction in the total number of TH-positive neurons in the SNc compared with female WT mice (df = 9, t = 3.469, p < 0.01; Figure 1). Conversely, the mean densities of TH-positive fibers in the striatum were comparable between female A53T transgenic mice and female WT mice (df = 31, t = 0.19, p > 0.05; Figure 1).


[image: image]

FIGURE 1. Tyrosine hydroxylase (TH) immunoreactivity in the substantia nigra pars compacta (SNc) and striatum of female A53T transgenic and wild type (WT) mice. Representative sections and histograms of the SNc and striatum immunostained for TH of female A53T transgenic and WT mice. The histograms for the SNc show the total number of TH-positive neurons, calculated with stereological analysis, expressed as mean ± SEM. The histograms for the striatum show the density of TH-positive fibers, expressed as mean ± SEM. The number of mice per group is as follows: A53T transgenic mice n = 5–17; WT mice n = 6–16 for both the SNc and striatum. **p < 0.005 compared with WT mice. Scale bars are 500 μm for the SNc and 50 μm for the striatum.





IBA-1 and GFAP Immunoreactivity in the SNc and Striatum

Female A53T transgenic mice and female WT mice displayed comparable numbers of cells positive for either IBA-1 or GFAP in the nigrostriatal system. Statistical analysis revealed no significant changes in the immunoreactivity for IBA-1 in the SNc (df = 8, t = 1.47, p > 0.05) and striatum (df = 8, t = 1.38, p > 0.05; Figures 2A,B), as well as no significant changes in the immunoreactivity for GFAP in the SNc (df = 28, t = 1.32, p > 0.05) and striatum (df = 28, t = 1.02, p > 0.05; Figures 2C,D).
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FIGURE 2. Ionized calcium binding adaptor molecule-1 (IBA-1) and glial fibrillary acidic protein (GFAP) immunoreactivity in the SNc and striatum of female A53T transgenic and WT mice. Representative histograms of the SNc and striatum immunostained for IBA-1 (A,B) or GFAP (C,D) of female A53T transgenic and WT mice. The histograms show the number of IBA-1- or GFAP-positive cells, expressed as mean ± SEM. The number of mice per group is as follows: A53T transgenic mice n = 7; WT mice n = 7 for both the SNc and striatum immunostained for IBA-1; A53T transgenic mice n = 14; WT mice n = 16 for both the SNc and striatum immunostained for GFAP.





TH and NCX 3 Co-localization in the SNc and Striatum

In the SNc and striatum, the co-localization of NCX3 with TH-positive neurons was comparable between female A53T transgenic mice and female WT mice (Figure 3). The average correlation coefficient for the SNc was Rr = 0.133 in female A53T transgenic mice and Rr = 0.119 in female WT mice, and statistical analysis revealed no significant differences between groups (df = 8, t = 0.19, p > 0.05). The average correlation coefficient for the striatum was Rr = 0.644 for female A53T transgenic mice and Rr = 0.604 for female WT mice and statistical analysis revealed no significant differences between groups (df = 8, t = 1.111, p > 0.05).
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FIGURE 3. TH+NCX3 co-localization in the SNc and striatum of female A53T transgenic and WT mice. Representative histograms of the SNc and striatum immunostained for TH and Na+-Ca2+ exchanger 3 (NCX3) of female A53T transgenic and WT mice. The histograms show the values of Pearson’s coefficients, expressed as mean ± SEM. The number of mice per group is: A53T transgenic mice n = 7; WT mice n = 7 for both the SNc and striatum.





IBA-1 and NCX1 Co-localization in the SNc and Striatum

In the SNc, the co-localization of NCX1 with IBA-1-positive cells was comparable between female A53T transgenic mice and female WT mice (Figure 4). The average correlation coefficient for the SNc was Rr = 0.438 for female A53T transgenic mice and Rr = 0.395 for female WT mice; statistical analysis revealed no significant differences between groups (df = 8, t = 1.07, p > 0.05).
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FIGURE 4. IBA-1 + NCX1 co-localization in the SNc and striatum of female A53T transgenic and WT mice. Representative sections and histograms of the SNc and striatum immunostained for IBA-1 (red) and NCX1 (green) of female A53T transgenic and WT mice. The histograms show the values of Pearson’s coefficients, expressed as mean ± SEM. Arrowheads indicate brain regions where IBA-1 and NCX1 signals co-localized (yellow). The number of mice per group is as follows: A53T transgenic mice n = 7; WT mice n = 7 for both the SNc and striatum. **p < 0.005 compared with WT mice. The scale bar is 50 μm.



Conversely, in the striatum, a more marked co-localization of NCX1 with IBA-1-positive cells was observed in female A53T transgenic mice, compared with female WT mice (Figure 4). The average correlation coefficient for the striatum was Rr = 0.417 for female A53T transgenic mice and Rr = 0.366 for female WT mice; statistical analysis revealed a significant difference between groups (df = 8, t = 3.494, p < 0.01).


Motor Performance of Female 12-Month-Old A53T Transgenic Mice


Beam Walking Test

Female A53T transgenic mice required more time to traverse the beam, compared with female WT mice and statistical analysis revealed a significant difference between groups (df = 31, t = 2.250, p < 0.05; Figure 5A). Nevertheless, female A53T transgenic mice and female WT mice performed comparable numbers of steps and errors per step during the test, and statistical analysis revealed no significant differences between groups (number of steps: df = 31, t = 1.035, p > 0.05; errors per steps: df = 31, t = 0.305, p > 0.05; Figure 5A).
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FIGURE 5. Motor tests in female A53T transgenic and WT mice. Representative histograms for the beam walking test (A) and pole test (B) evaluated in female A53T transgenic and WT mice. The histogram in (A) shows the average time to cross the beam (s), the average number of steps to cross the beam and the average number of errors per step. The histogram in (B) shows the average time to descend the pole. Data are expressed as mean ± SEM across five trials in (A), and three trials in (B). The number of mice per group is as follows: A53T transgenic mice n = 17; WT mice n = 16 for (A), A53T transgenic mice n = 10; WT mice n = 9 for (B). *p < 0.05 compared with WT mice.





Pole Test

Female A53T transgenic mice and female WT mice required a comparable amount of time to descend the pole; statistical analysis revealed no significant differences between groups (df = 17, t = 0.417, p > 0.05; Figure 5B).


Memory and Peripheral Tasks in Male and Female 12-Month-Old A53T Transgenic Mice

Male and female A53T transgenic and WT mice were tested in the NOR and SAB tasks to evaluate memory, as well as in the olfactory and 1-h stool collection tests to evaluate the presence of peripheral deficits. Male, but not female, A53T transgenic mice displayed significant abnormalities in NOR and 1-h stool collection tests.


NOR Task

Two-way ANOVA revealed a significant effect of genotype (F(1,31) = 4.33, p < 0.05), and a significant gender × genotype interaction (F(1,31) = 5.57, p < 0.05), but no significant effect of gender (F(1,31) = 0.12, p > 0.05; Figure 6A). The Newman–Keuls post hoc test indicated that male A53T transgenic mice had an impaired NOR performance compared with male WT mice (p < 0.05), whereas female A53T and WT mice displayed a comparable NOR performance (p > 0.05). In all the NOR experiments performed, no significant differences in the total amount of time spent exploring the objects during S1 and S2 were observed among the various experimental groups (data not shown).
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FIGURE 6. Memory and peripheral tasks in male and female A53T transgenic and WT mice. Representative histograms for the novel object recognition (NOR; A), spontaneous alternation behavior in a Y-maze (SAB; B), olfactory (C) and 1-h stool collection (D’,D”) tests performed in male and female A53T transgenic and WT mice. Data in (A) show the mean ± SEM of the percentage of time spent exploring the novel object. Data in (B) show the mean ± SEM of the percentage of spontaneous alternation. Data in (C) show the mean ± SEM of the time required to retrieve a pellet (sec). Data in (D’) show the mean ± SEM of the dry stool weight (mg), whereas data in (D”) show the mean ± SEM of the stool water content (mg). The number of mice per group in (A) is as follows: male A53T transgenic mice n = 5; male WT mice n = 5; female A53T transgenic mice n = 11; female WT mice n = 14. The number of mice per group in (B) is as follows: male A53T transgenic mice n = 6; male WT mice n = 7; female A53T transgenic mice n = 11; female WT mice n = 14. The number of mice per group in (C) is as follows: male A53T transgenic mice n = 8; male WT mice n = 7; female A53T transgenic mice n = 11; female WT mice n = 12. The number of mice per group in (D’,D”) is as follows: male A53T transgenic mice n = 4; male WT mice n = 7; female A53T transgenic mice n = 12; female WT mice n = 14. *p < 0.05 compared with WT mice by Newman–Keuls post hoc test.





SAB Task

Two-way ANOVA revealed no significant effect of genotype (F(1,34) = 0.93, p < 0.05) and gender (F(1,34) = 0.42, p < 0.05), as well as no significant gender × genotype interaction (F(1,34) = 0.01, p < 0.05; Figure 6B). Moreover, no significant differences in the numbers of entries into the arms of the Y-maze were observed among the various experimental groups (data not shown).



Olfactory Test

Two-way ANOVA revealed a significant effect of genotype (F(1,34) = 8.62, p < 0.01) but neither a significant effect of gender (F(1,34) = 1.13, p > 0.05) nor a significant gender × genotype interaction (F(1,34) = 2.99, p > 0.05; Figure 6C). The Newman–Keuls post hoc test indicated that A53T transgenic mice took a significantly longer time to retrieve the pellet, compared with WT mice (p < 0.05), and this effect appeared to be more pronounced in male than in female mice.



One-Hour Stool Collection

For the stool dry weight, two-way ANOVA revealed a significant effect of genotype (F(1,33) = 7.80, p < 0.01), but neither a significant effect of gender (F(1,33) = 2.15, p > 0.05) nor a significant gender × genotype interaction (F(1,33) = 2.95, p > 0.05; Figure 6D′). The Newman–Keuls post hoc test indicated that A53T transgenic mice had a lower stool dry weight, compared with WT mice (p < 0.05), and this effect appeared to be more pronounced in male than in female mice.

For the stool water content, two-way ANOVA revealed a significant effect of genotype (F(1,33) = 5.71, p < 0.05), and a significant gender × genotype interaction (F(1,33) = 3.95, p < 0.05), but no significant effect of gender (F(1,33) = 0.58, p > 0.05; Figure 6D″). The Newman–Keuls post hoc test indicated that male A53T transgenic mice had a lower stool dry weight, compared with male WT mice (p < 0.05), whereas female A53T and WT mice displayed a comparable stool weight (p > 0.05).









DISCUSSION

A53T transgenic male mice spontaneously develop several phenotypical and neurochemical abnormalities that resemble those of PD pathology, including motor deficits, nigrostriatal dopaminergic degeneration with signs of α-synuclein aggregation, and gliosis (Giasson et al., 2002; Martin et al., 2006; Sirabella et al., 2018). Although earlier studies have described motor deficits, dopamine neuron degeneration, neuroinflammation and mitochondrial dysfunctions in A53T transgenic male mice (Martin et al., 2006; Unger et al., 2006), limited information is currently available on the alterations that involve these parameters in this strain, especially in female animals. Moreover, a previous investigation by our group (Sirabella et al., 2018) has demonstrated that male A53T transgenic mice have reduced expression and activity of NCX3 in the midbrain, but display an increased expression and activity of NCX1 in the striatum together with a co-expression of NCX3 in TH-positive dopamine neurons in the SNc, and a co-expression of NCX1 in IBA-1-positive microglial cells in the striatum. Also, TH-positive nigral neurons and striatal fibers were decreased in male A53T transgenic mice, and these effects were accompanied by an increase of GFAP-positive astroglial cells in the SNc and striatum, as well as of IBA-1-positive cells in the striatum. Taken together, these data led us to conclude that abnormalities in the NCX1 and NCX3, which regulate cytosolic and mitochondrial Ca2+ homeostasis in the midbrain and striatum, might play a role in the dopaminergic nigrostriatal degeneration and in the neuroinflammation that occurs in 12-month-old male A53T transgenic mice (Sirabella et al., 2018).

In continuity with those earlier findings, and with the scope of evaluating the presence of gender differences as described in human PD, the present study provides new insights into the relevance of A53T transgenic mice as a model of PD, by demonstrating that female mice exhibit a limited PD-like phenotype and dissimilar regional distribution of NCX1 and NCX3 from that previously described in male mice (Sirabella et al., 2018). Indeed, in contrast to earlier findings in male A53T transgenic mice (Sirabella et al., 2018), the present study found that 12-month-old female A53T transgenic mice displayed a lack of co-localization of NCX3 with TH-positive neurons, similarly to what observed in female WT mice. This finding may be consistent with the other results of the present study showing that 12-month-old female A53T transgenic mice have a decreased number of TH-positive neurons in the SNc. Earlier investigations in models of neurodegeneration have suggested that activation of NCX3 may prevent neuronal damage, as shown by the evidence that the neurotoxic effects of amyloid Aβ1–42 are exacerbated in NCX3-silenced neurons (Pannaccione et al., 2012). Hence, the results of this study would suggest that the regional distribution of NCX3 in regions of the brain of A53T transgenic mice may vary with gender and possibly be correlated to the observed neurodegeneration.

At variance to the decrease of TH observed for nigral neurons, female A53T transgenic mice displayed no degeneration of dopaminergic fibers in the striatum, which differs from previous observations in male mice of the same strain, in which TH immunoreactivity was decreased in both the SNc and striatum (Sirabella et al., 2018). It must be considered, however, that dopaminergic degeneration is usually more pronounced in the SNc than in the striatum, as demonstrated by previous studies that employed neurotoxic substances (Frau et al., 2016; Noël et al., 2018), which may suggest that female A53T transgenic mice have a dopamine neuron degeneration of lower intensity compared with males. We, therefore, speculate that gender differences exist in A53T transgenic mice concerning the nigrostriatal dopaminergic system degeneration and that these differences may eventually result in a loss of dopaminergic striatal fibers in male but not female animals. Regarding NCX3 we might also speculate that the exchanger contributes to the activation of glial cells, with consequent release of pro-inflammatory factors, which in turn might sustain the dopaminergic neurodegeneration in male A53T transgenic mice (Boscia et al., 2013). The finding of the present study showing no presence of NCX3 in the SNc of A53T transgenic female mice may lead to hypothesize that such a lack of NCX3 could explain the gender-dependence of dopaminergic degeneration observed in A53T transgenic mice, and the sparing of striatal dopaminergic terminals in female, but not male, animals.

Another finding of this study is that, similarly to what observed in 12-month-old male A53T transgenic mice, NCX1 co-localized with IBA-1-positive microglial cells in the striatum but not SNc of 12-month-old female A53T transgenic mice. In contrast, neither microgliosis nor astrogliosis was observed in the nigrostriatal system of A53T transgenic female mice, which is at odds with earlier findings showing marked microgliosis and astrogliosis in the striatum of male mice of the same strain (Sirabella et al., 2018). The lack of co-localization between IBA-1 and NCX1 observed here in the SNc may suggest that gliosis and other mechanisms of toxicity that may be mediated by NCX1 are minimally involved in the degeneration of nigral dopaminergic neurons that occurs in female A53T transgenic mice. This hypothesis may support the possibility that the mechanisms that promote and sustain nigrostriatal dopaminergic degeneration differ between male and female A53T transgenic mice.

A previous study has demonstrated that an upregulation of NCX1 expression and activity occurs in the cortex of ischaemic rats subjected to the occlusion of the medial cerebral artery, leading to the hypothesis that activation of NCX1 has a protective role in the brain (Boscia et al., 2009). On this basis, the results of this study support a possible neuroprotective role of NCX1 co-localized in IBA1 neurons in the striatum, a region that is not affected by dopamine terminal degeneration and does not show any glial activation. Moreover, these results strengthen the relevance of A53T mice as a model with which to study how different factors that have been associated with an increased likelihood of developing PD (i.e., mitochondrial dysfunction, neuroinflammation) may be involved in the demise of dopaminergic neurons and the manifestation of PD-like phenotypes.

In our previous study (Sirabella et al., 2018), we found that male A53T transgenic mice displayed motor deficits in the beam walking, pole and open field tests, which are paradigms suited to revealing in rodents the presence of phenotypical alterations that resemble those found in PD. On this basis, we evaluated the performance of 12-month-old female A53T transgenic mice in the beam walking and pole tests, to ascertain whether dopaminergic nigrostriatal degeneration observed in these animals was paralleled by altered motor function. In the beam walking test, female A53T transgenic mice required a longer time to cross the beam, compared with WT mice. However, the number of steps and the errors per step were comparable between female A53T transgenic and WT female mice. Moreover, female A53T transgenic and WT mice displayed a similar performance in the pole test. Taken together, these findings indicate that female A53T transgenic mice develop only mild motor impairment, which appears consistent with the results of immunohistochemistry showing that the same mice displayed only partial degeneration of the nigrostriatal tract.

The presence of behavioral and phenotypical abnormalities in 12-month-old female A53T transgenic mice was also evaluated using non-motor tasks, in parallel with the same evaluation in 12-month-old male mice, to further elucidate whether gender had any influences on the phenotype of A53T transgenic mice. Male A53T transgenic mice displayed an impaired performance in the NOR task, which is indicative of a deficit in the non-spatial component of short-term memory, but showed no alterations in SAB, which suggests that these animals had a normal general cognitive function and spatial memory. These discrepant results could be explained considering previous studies which showed that SAB may be relatively resistant to noxious brain insults that impair NOR performance, suggesting a different sensitivity of these two tasks to memory impairment (Simola et al., 2008; Moriguchi et al., 2012; Costa et al., 2014). Moreover, compared to WT mice, male A53T transgenic mice displayed a trend towards an increase in the amount of time required to retrieve an odorous pellet, which would indicate an abnormal olfactory function. Also, they displayed a reduced water content in the stool, which is an index of constipation. Interestingly, female A53T transgenic mice showed no overt abnormalities in the above tests. Since memory deficits, olfactory dysfunction and constipation are non-motor symptoms that are present together with motor impairment in PD patients (Postuma et al., 2012), our findings would suggest that female A53T transgenic mice exhibit a less pronounced PD-like phenotype, compared with male mice of the same strain.

Importantly, the behavioral and phenotypical markers examined in this study are all dependent on dopaminergic functions and are influenced by neuroinflammation (Barnum and Tansey, 2012; Kim et al., 2015). Therefore, we may conclude that the low dopamine neuron degeneration and the absence of neuroinflammation may explain why A53T female mice displayed modest motor and non-motor deficits.

In conclusion, the findings of low vulnerability to striatal dopaminergic degeneration and nigrostriatal neuroinflammation in female A53T transgenic mice further increase the interest in this mouse strain as a model suitable for use in preclinical studies of gender differences in PD and lead us to hypothesize that NCX1 and NCX3 play a role in determining the different pattern of dopaminergic degeneration that can be observed in the nigrostriatal systems of male and female A53T transgenic mice.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by Organismo per il benessere degli animali (OPBA) University of Cagliari.



AUTHOR CONTRIBUTIONS

GC, MC, MJS, and SD performed the behavioral and biochemical experiments. GC, MJS and SD analyzed the data. MJS and AS bred the mice colony. GC, NS, AS and MM wrote the manuscript. GC, NS, AP, MS, AS and MM reviewed and edited the manuscript. GC, MJS, NS, SD, MC, MS, AP, AF, LA, AS and MM read and approved the final manuscript.



FUNDING

This study was supported by funds from Ministero dell’Istruzione, dell’Università e della Ricerca PRIN 2015 (Pr. 2015R9ASHT, Principal Investigator (PI) Prof. Micaela Morelli) and PRIN 2017 (Pr. 2017LYTE9M, PI Prof. Micaela Morelli), Fondo Integrativo per la Ricerca (FIR 2018-2019, PI Prof. Micaela Morelli).



ACKNOWLEDGMENTS

We acknowledge that the final manuscript was edited for language by Enago, New York, NY, USA and that the authors are entirely responsible for the scientific content of the article. Dr. Giulia Costa gratefully acknowledges PRIN 2015 (Pr. 2015R9ASHT) and PON AIM (PON RICERCA E INNOVAZIONE 2014-2020,—AZIONE I.2. D.D. N.407 DEL 27 FEBBRAIO 2018—“ATTRACTION AND INTERNATIONAL MOBILITY”).



ABBREVIATIONS

ABC, avidin-biotin-peroxidase complex; ANOVA, analysis of variance; DAPI, 4′,6-diamidine-2′-phenylindole dihydrochloride; GFAP, glial fibrillary acidic protein; IBA-1, ionized calcium binding adaptor molecule 1; NCX, Na+-Ca2+ exchanger; NOR, novel object recognition; PD, Parkinson’s disease; Rr, Pearson correlation coefficient; SAB, spontaneous alternation behavior in a Y-maze; SNc, substantia nigra pars compacta; TH, tyrosine hydroxylase; WT, wild type.



REFERENCES

Annunziato, L., Pignataro, G., and Di Renzo, G. F. (2004). Pharmacology of brain Na+/Ca2+ exchanger: from molecular biology to therapeutic perspectives. Pharmacol. Rev. 56, 633–654. doi: 10.1124/pr.56.4.5

Baldereschi, M., Di Carlo, A., Rocca, W. A., Vanni, P., Maggi, S., Perissinotto, E., et al. (2000). Parkinson’s disease and parkinsonism in a longitudinal study: two-fold higher incidence in men. Neurology 55, 1358–1363. doi: 10.1212/wnl.55.9.1358

Barnum, C. J., and Tansey, M. G. (2012). Neuroinflammation and non-motor symptoms: the dark passenger of Parkinson’s disease? Curr. Neurol. Neurosci. Rep. 12, 350–358. doi: 10.1007/s11910-012-0283-6

Bolte, S., and Cordelières, F. P. (2006). A guided tour into subcellular colocalization analysis in light microscopy. J. Microsc. 224, 213–232. doi: 10.1111/j.1365-2818.2006.01706.x

Boscia, F., D’Avanzo, C., Pannaccione, A., Secondo, A., Casamassa, A., Formisano, L., et al. (2013). New roles of NCX in glial cells: activation of microglia in ischemia and differentiation of oligodendrocytes. Adv. Exp. Med. Biol. 961, 307–316. doi: 10.1007/978-1-4614-4756-6_26

Boscia, F., Gala, R., Pannaccione, A., Secondo, A., Scorziello, A., Di Renzo, G., et al. (2009). NCX1 expression and functional activity increase in microglia invading the infarct core. Stroke 40, 3608–3617. doi: 10.1161/strokeaha.109.557439

Briston, T., and Hicks, A. R. (2018). Mitochondrial dysfunction and neurodegenerative proteinopathies: mechanisms and prospects for therapeutic intervention. Biochem. Soc. Trans. 46, 829–842. doi: 10.1042/bst20180025

Canitano, A., Papa, M., Boscia, F., Castaldo, P., Sellitti, S., Porzig, H., et al. (2003). Differential expression of the Na+-Ca2+ exchanger transcripts and proteins in rat brain regions. J. Comp. Neurol. 976, 394–404. doi: 10.1002/cne.10665

Cantuti-Castelvetri, I., Keller-McGandy, C., Bouzou, B., Asteris, G., Clark, T. W., Frosch, M. P., et al. (2007). Effects of gender on nigral gene expression and parkinson disease. Neurobiol. Dis. 26, 606–614. doi: 10.1016/j.nbd.2007.02.009

Condrescu, M., Gardner, J. P., Chernaya, G., Aceto, J. F., Kroupis, C., and Reeves, J. P. (1995). ATP-dependent regulation of sodium-calcium exchange in Chinese hamster ovary cells transfected with the bovine cardiac sodium-calcium exchanger. J. Biol. Chem. 270, 9137–9146. doi: 10.1074/jbc.270.16.9137

Costa, G., Frau, L., Wardas, J., Pinna, A., Plumitallo, A., and Morelli, M. (2013). MPTP-induced dopamine neuron degeneration and glia activation is potentiated in MDMA-pretreated mice. Mov. Disord. 28, 1957–1965. doi: 10.1002/mds.25646


Costa, G., and Morelli, M. (2015). “Adenosine A2A receptor antagonists in L-DOPA-induced motor fluctuations,” in The Adenosinergic System: a Non-Dopaminergic Target in Parkinson’s Disease, eds M. Morelli, N. Simola and J. Wardas (Switzerland: Springer International Publishing), 163–182.


Costa, G., Morelli, M., and Simola, N. (2015). Involvement of glutamate NMDA receptors in the acute, long-term, and conditioned effects of amphetamine on rat 50 kHz ultrasonic vocalizations. Int. J. Neuropsychopharmacol. 18:pyv057. doi: 10.1093/ijnp/pyv057

Costa, G., Morelli, M., and Simola, N. (2017). Progression and persistence of neurotoxicity induced by MDMA in dopaminergic regions of the mouse brain and association with noradrenergic, GABAergic, and serotonergic damage. Neurotox. Res. 32, 563–574. doi: 10.1007/s12640-017-9761-6

Costa, G., Morelli, M., and Simola, N. (2018). Repeated administration of 3,4-methylenedioxymethamphetamine (MDMA) elevates the levels of neuronal nitric oxide synthase in the nigrostriatal system: possible relevance to neurotoxicity. Neurotox. Res. 34, 763–768. doi: 10.1007/s12640-018-9892-4

Costa, G., Porceddu, P. F., Serra, M., Casu, M. A., Schiano, V., Napolitano, F., et al. (2019a). Lack of rhes increases MDMA-induced neuroinflammation and dopamine neuron degeneration: role of gender and age. Int. J. Mol. Sci. 20:E1556. doi: 10.3390/ijms20071556

Costa, G., Serra, M., Pintori, N., Casu, M. A., Zanda, M. T., Murtas, D., et al. (2019b). The novel psychoactive substance methoxetamine induces persistent behavioral abnormalities and neurotoxicity in rats. Neuropharmacology 144, 219–232. doi: 10.1016/j.neuropharm.2018.10.031

Costa, G., Simola, N., and Morelli, M. (2014). MDMA administration during adolescence exacerbates MPTP-induced cognitive impairment and neuroinflammation in the hippocampus and prefrontal cortex. Psychopharmacology 231, 4007–4018. doi: 10.1007/s00213-014-3536-z

Dunn, K. W., Kamocka, M. M., and McDonald, J. H. (2011). A practical guide to evaluating colocalization in biological microscopy. Am. J. Physiol. Cell Physiol. 300, C723–C742. doi: 10.1152/ajpcell.00462.2010

Fernagut, P. O., Chalon, S., Diguet, E., Guilloteau, D., Tison, F., and Jaber, M. (2003). Motor behaviour deficits and their histopathological and functional correlates in the nigrostriatal system of dopamine transporter knockout mice. Neuroscience 116, 1123–1130. doi: 10.1016/s0306-4522(02)00778-9

Fleming, S. M., Salcedo, J., Fernagut, P. O., Rockenstein, E., Masliah, E., Levine, M. S., et al. (2004). Early and progressive sensorimotor anomalies in mice overexpressing wild-type human α-synuclein. J. Neurosci. 24, 9434–9440. doi: 10.1523/JNEUROSCI.3080-04.2004

Frau, L., Costa, G., Porceddu, P. F., Khairnar, A., Castelli, M. P., Ennas, M. G., et al. (2016). Influence of caffeine on 3,4-methylenedioxymethamphetamine-induced dopaminergic neuron degeneration and neuroinflammation is age-dependent. J. Neurochem. 136, 148–162. doi: 10.1111/jnc.13377

Giasson, B. I., Duda, J. E., Quinn, S. M., Zhang, B., Trojanowski, J. Q., and Lee, V. M. Y. (2002). Neuronal α-synucleinopathy with severe movement disorder in mice expressing A53T human α-synuclein. Neuron 72, 804–811. doi: 10.1016/s0896-6273(02)00682-7

Gillies, G. E., and McArthur, S. (2010). Estrogen actions in the brain and the basis for differential action in men and women: a case for sex-specific medicines. Pharmacol. Rev. 62, 155–198. doi: 10.1124/pr.109.002071

Gillies, G. E., Pienaar, I. S., Vohra, S., and Qamhawi, Z. (2014). Sex differences in Parkinson’s disease. Front. Neuroendocrinol. 35, 370–384. doi: 10.1016/j.yfrne.2014.02.002

Halliday, G., Lees, A., and Stern, M. (2011). Milestones in Parkinson’s disease—clinical and pathologic features. Mov. Disord. 26, 1015–1021. doi: 10.1002/mds.23669

Hwang, D. Y., Fleming, S. M., Ardayfio, P., Moran-Gates, T., Kim, H., Tarazi, F. I., et al. (2005). 3,4-Dihydroxyphenylalanine reverses the motor deficits in Pitx3-deficient Aphakia mice: behavioral characterization of a novel genetic model of Parkinson’s disease. J. Neurosci. 25, 2132–2137. doi: 10.1523/JNEUROSCI.3718-04.2005

Kim, B. W., Koppula, S., Kumar, H., Park, J. Y., Kim, I. W., More, S. V., et al. (2015). α-asarone attenuates microglia-mediated neuroinflammation by inhibiting NF kappa B activation and mitigates MPTP-induced behavioral deficits in a mouse model of Parkinson’s disease. Neuropharmacology 97, 46–57. doi: 10.1016/j.neuropharm.2015.04.037

Labandeira-Garcia, J. L., Rodriguez-Perez, A. I., Valenzuela, R., Costa-Besada, M. A., and Guerra, M. J. (2016). Menopause and Parkinson’s disease. Front. Neuroendocrinol. 43, 44–59. doi: 10.1016/j.yfrne.2016.09.003

Lehmkuhl, A. M., Dirr, E. R., and Fleming, S. M. (2014). Olfactory assays for mouse models of neurodegenerative disease. J. Vis. Exp. 90:e51804. doi: 10.3791/51804

Li, Z. S., Schmauss, C., Cuenca, A., Ratcliffe, E., and Gershon, M. D. (2006). Physiological modulation of intestinal motility by enteric dopaminergic neurons and the D2 receptor: analysis of dopamine receptor expression, location, development, and function in wild-type and knock-out mice. J. Neurosci. 26, 2798–2807. doi: 10.1523/JNEUROSCI.4720-05.2006

Linck, B., Qiu, Z., He, Z., Tong, Q., Hilgemann, D. W., and Philipson, K. D. (1998). Functional comparison of the three isoforms of the Na+/Ca2+ exchanger (NCX1, NCX2, NCX3). Am. J. Physiol. 274, C415–C423. doi: 10.1152/ajpcell.1998.274.2.C415

Martin, L. J., Pan, Y., Price, A. C., Sterling, W., Copeland, N. G., Jenkins, N. A., et al. (2006). Parkinson’s disease α-synuclein transgenic mice develop neuronal mitochondrial degeneration and cell death. J. Neurosci. 26, 41–50. doi: 10.1523/JNEUROSCI.4308-05.2006

Matsuura, K., Kabuto, H., Makino, H., and Ogawa, N. (1997). Pole test is a useful method for evaluating the mouse movement disorder caused by striatal dopamine depletion. J. Neurosci. Methods. 31, 17649–17658. doi: 10.1016/s0165-0270(96)02211-x

Mayeux, R., Marder, K., Cote, L. J., Denaro, J., Hemenegildo, N., Mejia, H., et al. (1995). The frequency of idiopathic parkinson’s disease by age, ethnic group and sex in Northern Manhattan, 1988–1993. Am. J. Epidemiol. 142, 820–827. doi: 10.1093/oxfordjournals.aje.a117721

McAvoy, K., and Kawamata, H. (2019). Glial mitochondrial function and dysfunction in health and neurodegeneration. Mol. Cell. Neurosci. 101:103417. doi: 10.1016/j.mcn.2019.103417

Meredith, G. E., and Kang, U. J. (2006). Behavioral models of Parkinsons disease in rodents: a new look at an old problem. Mov. Disord. 21, 1595–1606. doi: 10.1002/mds.21010

Moriguchi, S., Yabuki, Y., and Fukunaga, K. (2012). Reduced calcium/calmodulin-dependent protein kinase II activity in the hippocampus is associated with impaired cognitive function in MPTP-treated mice. J. Neurochem. 120, 541–551. doi: 10.1111/j.1471-4159.2011.07608.x

Newell, E. W., Stanley, E. F., and Schlichter, L. C. (2007). Reversed Na+/Ca2+ exchange contributes to Ca2+ influx and respiratory burst in microglia. Channels 1, 366–376. doi: 10.4161/chan.5391

Noël, A., Zhou, L., Foveau, B., Sjöström, P. J., and Leblanc, A. C. (2018). Differential susceptibility of striatal, hippocampal and cortical neurons to Caspase-6. Cell Death Differ. 25, 1319–1335. doi: 10.1038/s41418-017-0043-x

Obeso, J. A., Rodriguez-Oroz, M. C., Goetz, C. G., Marin, C., Kordower, J. H., Rodriguez, M., et al. (2010). Missing pieces in the Parkinson’s disease puzzle. Nat. Med. 16, 653–661. doi: 10.1038/nm.2165

Obeso, J. A., Stamelou, M., Goetz, C. G., Poewe, W., Lang, A. E., Weintraub, D., et al. (2017). Past, present, and future of Parkinson’s disease: a special essay on the 200th Anniversary of the Shaking Palsy. Mov. Disord. 32, 1264–1310. doi: 10.1002/mds.27115


Ogawa, N., Hirose, Y., Ohara, S., Ono, T., and Watanabe, Y. (1985). A simple quantitative bradykinesia test in MPTP-treated mice. Res. Commun. Chem. Pathol. Pharmacol. 50, 435–441.


Ogawa, N., Mizukawa, K., Hirose, Y., Kajita, S., Ohara, S., and Watanabe, Y. (1987). MPTP-induced parkinsonian model in mice: biochemistry, pharmacology and behavior. Eur. Neurol. 26, 16–23. doi: 10.1159/000116351

Pang, S. Y. Y., Ho, P. W. L., Liu, H. F., Leung, C. T., Li, L., Chang, E. E. S., et al. (2019). The interplay of aging, genetics and environmental factors in the pathogenesis of Parkinson’s disease. Transl. Neurodegener. 8:23. doi: 10.1186/s40035-019-0165-9

Pannaccione, A., Secondo, A., Molinaro, P., D’Avanzo, C., Cantile, M., Esposito, A., et al. (2012). A new concept: a/β 1–42 generates a hyper functional proteolytic NCX3 fragment that delays caspase-12 activation and neuronal death. J. Neurosci. 32, 10609–10617. doi: 10.1523/JNEUROSCI.6429-11.2012

Papa, M., Canitano, A., Boscia, F., Castaldo, P., Sellitti, S., Porzig, H., et al. (2003). Differential expression of the Na+-Ca2+ exchanger transcripts and proteins in rat brain regions. J. Comp. Neurol. 461, 31–48. doi: 10.1002/cne.10665


Paxinos, G., and Franklin, K. B. J. (2008). The Mouse Brain in Stereotaxic Coordinates, Third Edn. San Diego, CA: Academic Press.


Pinna, A., Napolitano, F., Pelosi, B., Di Maio, A., Wardas, J., Casu, M. A., et al. (2016). The small GTP-binding protein rhes influences nigrostriatal-dependent motor behavior during aging. Mov. Disord. 31, 583–589. doi: 10.1002/mds.26489

Postuma, R. B., Aarsland, D., Barone, P., Burn, D. J., Hawkes, C. H., Oertel, W., et al. (2012). Identifying prodromal Parkinson’s disease: pre-motor disorders in Parkinson’s disease. Mov. Disord. 27, 617–626. doi: 10.1002/mds.24996

Quednau, B. D., Nicoll, D. A., and Philipson, K. D. (1997). Tissue specificity and alternative splicing of the Na+/Ca2+ exchanger isoforms NCX1, NCX2, and NCX3 in rat. Am. J. Physiol. 272, C1250–C1261. doi: 10.1152/ajpcell.1997.272.4.c1250

Quinn, L. P., Perren, M. J., Brackenborough, K. T., Woodhams, P. L., Vidgeon-Hart, M., Chapman, H., et al. (2007). A beam-walking apparatus to assess behavioural impairments in MPTP-treated mice: pharmacological validation with R-(−)-deprenyl. J. Neurosci. Methods. 164, 43–49. doi: 10.1016/j.jneumeth.2007.03.021

Reeve, A. K., Grady, J. P., Cosgrave, E. M., Bennison, E., Chen, C., Hepplewhite, P. D., et al. (2018). Mitochondrial dysfunction within the synapses of substantia nigra neurons in Parkinson’s disease. Npj Park. Dis. 4:9. doi: 10.1038/s41531-018-0044-6

Schapira, A. H., and Jenner, P. (2011). Etiology and pathogenesis of Parkinson’s disease. Mov. Disord. 26, 1049–1055. doi: 10.1002/mds.23732

Scorziello, A., Savoia, C., Sisalli, E. M. J., Adornetto, A., Secondo, A., Boscia, F., et al. (2013). NCX3 regulates mitochondrial Ca(2+) handling through the AKAP121-anchored signaling complex and prevents hypoxia-induced neuronal death. J. Cell. Sci. 15:5566–5577. doi: 10.1242/jcs.129668

Secondo, A., Staiano, R. I., Scorziello, A., Sirabella, R., Boscia, F., Adornetto, A., et al. (2007). BHK cells transfected with NCX3 are more resistant to hypoxia followed by reoxygenation than those transfected with NCX1 and NCX2: possible relationship with mitochondrial membrane potential. Cell Calcium. 42, 521–535. doi: 10.1016/j.ceca.2007.01.006

Sedelis, M., Schwarting, R. K. W., and Huston, J. P. (2001). Behavioral phenotyping of the MPTP mouse model of Parkinson’s disease. Behav. Brain Res. 125, 109–125. doi: 10.1016/s0166-4328(01)00309-6

Simola, N., Bustamante, D., Pinna, A., Pontis, S., Morales, P., Morelli, M., et al. (2008). Acute perinatal asphyxia impairs non-spatial memory and alters motor coordination in adult male rats. Exp. Brain Res. 185, 595–601. doi: 10.1007/s00221-007-1186-7

Simon, K. C., Chen, H., Gao, X., Schwarszchild, M. A., and Ascherio, A. (2009). Reproductive factors, exogenous estrogen use, and risk of Parkinson’s disease. Mov. Disord. 24, 1359–1365. doi: 10.1002/mds.22619

Sirabella, R., Sisalli, M. J., Costa, G., Omura, K., Ianniello, G., Pinna, A., et al. (2018). NCX1 and NCX3 as potential factors contributing to neurodegeneration and neuroinflammation in the A53T transgenic mouse model of Parkinson’s disease article. Cell Death Dis. 9:725. doi: 10.1038/s41419-018-0775-7

Unger, E. L., Eve, D. J., Perez, X. A., Reichenbach, D. K., Xu, Y., Lee, M. K., et al. (2006). Locomotor hyperactivity and alterations in dopamine neurotransmission are associated with overexpression of A53T mutant human α-synuclein in mice. Neurobiol. Dis. 21, 431–443. doi: 10.1016/j.nbd.2005.08.005

van der Walt, J. M., Nicodemus, K. K., Martin, E. R., Scott, W. K., Nance, M. A., Watts, R. L., et al. (2003). Mitochondrial polymorphisms significantly reduce the risk of Parkinson disease. Am. J. Hum. Genet. 72, 804–811. doi: 10.1086/373937

Villa, A., Vegeto, E., Poletti, A., and Maggi, A. (2016). Estrogens, neuroinflammation, and neurodegeneration. Endocr. Rev. 37, 372–402. doi: 10.1210/er.2016-1007

Conflict of Interest Statement: 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.

Copyright © 2020 Costa, Sisalli, Simola, Della Notte, Casu, Serra, Pinna, Feliciello, Annunziato, Scorziello and Morelli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnagi-12-00118-g003.gif
Striatum

SNc

O wT
W A53T

LaonouwtaNnQ
OO0 o0oOO0oo0oOocoooo
(1Y) juaioyye09 s,uosiead

QAR uIONT O
roocoococoocodo

(1¥) juaI01209 Ss,uosiead





OPS/images/fnagi-12-00118-g004.gif
AB3T

Striatum

El AS3T

s
0

*k

Striatum

QA OUINNTQ
rooccdococoocooo

(1Y) 3uaI01y209 s,uosiead

SNc

QAU ITONT
roococoocococooo

(4y) Jus10y4009 s,uosiead





OPS/images/fnagi-12-00118-g001.gif
R AS3T

O wT

£
3
2
8
3
8 3 8 3
& < 2
1Mo %
Kysuap jeando ueapy
X
Q x
4
7]
£ = ) )
= i=3 E=3 E=3
2 S S S
< =3 0 o
= K 2 e
a suoJnau (+) HL Jo Jequnu [ejo)





OPS/images/fnagi-12-00118-g002.gif
Striatum

SNe

=
= (]
£ m m
£
2
H
v T c T T T 1
g 8 8 8 ° g 8 8 8 =°
® 2 & ®° B
1M IO % 1Mo %
@ 99 (+) L-vgl Jo JequinN o s|Ied (+) dv49 Jo JequinN
2
a

g 32 g8 8 °

1M IO %
si1e9 (+) 1-v8l Jo JequinN

§ & & & -

1Mo %
s199 (+) dv49 Jo JaquinN





OPS/images/fnagi-12-00118-g005.gif
Beam walking test

O wt

W A53T

Errors

Steps

A Time

Average number of
errors per step

0w < © o~ - o

QO W O VW o W o w o
T M MO N N - -
sdajs Jo Jequinu
abeJane pue (29s) weaq

93 ss0.9 03 awi} wmm‘_w><

Pole test

w0
N

o wt

Bl A53T

o ®w o w®
& - -

(09s) puaosap
03} aw} abesany

o





OPS/images/fnagi-12-00118-g006.gif
>

Teno oxploring
the novl objct (%)

L]

NOR SAB
100- B 100-
i e Swr
= L =
- 3E 1o
& i
o) . iz
% 12
F i
2- * 2
p p
io Fomse e =
Olfactory test
¢ 100-
i Swr
- = har
35 1
iix
1}
if o
< L.
B
B

One hour stool collection test:

Female

One hour stool collection test:

o, dry stool weight D" stool water
o e
€ o = - asor
H -
= Sl
fuo H
3 =
2 - LE

" s

~ Fam s —





OPS/xhtml/Nav.xhtml


Contents





		Cover



		Gender Differences in Neurodegeneration, Neuroinflammation and Na+-Ca2+ Exchangers in the Female A53T Transgenic Mouse Model of Parkinson’s Disease



		Introduction



		Materials And Methods



		Animals



		Immunohistochemistry



		Behavioral Tests











		Results



		Immunohistochemical Modifications In Female 12-Month-Old A53t Transgenic Mice



		Motor Performance Of Female 12-Month-Old A53t Transgenic Mice



		Memory And Peripheral Tasks In Male And Female 12-Month-Old A53t Transgenic Mice











		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations

















OPS/images/crossmark.jpg





OPS/images/fnagi-12-00118-t001.jpg
Effect in SNc

Effect in striatum

TH immunoreactivity
IBA-1 immunoreactivity

GFAP immunoreactivity
TH-+NCX3 immunoreactivity
IBA-1+NCX1 immunoreactivity

Beam walking test

Pole test

o

Time
N

Average time
to descend
N

FT—

Errors

Steps





OPS/images/cover.jpg
’ frontiers

in Aging Neuroscience

Gender Differences in
Neurodegeneration,
Neuroinflammation and Na+*-Ca2*
Exchangers in the Female A53T
Transgenic Mouse Model of
Parkinson’s Disease









OPS/images/logo.jpg
, frontiers
in Aging Neuroscience





