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Abstract

:

Microglia play an important role in the pathology of various central nervous system disorders, including multiple sclerosis (MS). While different methods exist to evaluate the extent of microglia activation, comparative studies investigating the sensitivity of these methods are missing for most models. In this study, we systematically evaluated which of the three commonly used histological methods (id est, quantification of microglia density, densitometrically evaluated staining intensity, or cellular morphology based on the determination of a ramification index, all measured in anti-ionized calcium-binding adaptor protein-1 (IBA1) immunohistochemical stains) is the most sensitive method to detect subtle changes in the microglia activation status in the context of MS. To this end, we used the toxin-induced cuprizone model which allows the experimental induction of a highly reproducible demyelination in several central nervous system regions, paralleled by early microglia activation. In this study, we showed that after 3 weeks of cuprizone intoxication, all methods reveal a significant microglia activation in the white matter corpus callosum. In contrast, in the affected neocortical grey matter, the evaluation of anti-IBA1 cell morphologies was the most sensitive method to detect subtle changes of microglial activation. The results of this study provide a useful guide for future immunohistochemical evaluations in the cuprizone and other neurodegenerative models.
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1. Introduction


Microglia represent the resident innate immune cells of the central nervous system (CNS), originating from the progenitor cells of the embryonic yolk sac [1]. These immune cells migrate into the human CNS between gestational weeks 4 and 24 [2], where they propagate throughout the brain parenchyma. In the adult brain, microglia represent an important cell population to maintain the steadiness of the internal brain environment, id est, brain homeostasis. Homeostatic tasks which are known to be executed by microglia cells include the clearance of aged myelin sheath particles [3], the physical interaction with synapses of active neurons [4], or the enhancement of synaptic activity to promote local network synchronization [5]. Of note, the modulatory function of microglia in the healthy brain is only beginning to be understood. On the other hand, microglia appear to play an important role during diverse CNS diseases, such as Parkinson’s disease [6], multiple sclerosis (MS) [7], or Alzheimer’s disease [8]. Microglia constantly screen their environment for local alterations, such as the presence of cellular debris, changes in the ion concentrations, or increased levels of inflammatory cytokines, enabling them to shift toward a pro-inflammatory state when necessary [9,10,11,12,13]. This activation phenotype is characterized by a high morphological plasticity [14].



MS is a chronic inflammatory demyelinating CNS disease causing disability in more than 2.5 million people worldwide. On the histopathological level, the brains of MS patients show perivascular inflammation, peripheral immune cell recruitment, demyelination, axonal injury, as well as astrocyte and microglia activation. Of note, demyelination is not restricted to the white matter but can as well be found in the cortical and subcortical grey matter areas [15,16]. Microglia cells are believed to regulate various key pathological processes in MS. These include the release of a number of factors toxic to oligodendrocytes and neurons, such as nitric oxide (NO) and glutamate or antigen-presentation to infiltrating lymphocytes [17]. Further, MS susceptibility genes were recently found to be more frequently associated with microglia function than that of neurons or astrocytes [18]. Additionally, numerous microglia can be found in remyelinating white matter lesions, where they express markers of anti-inflammatory cytokines and immunomodulatory molecules, presumably helping to resolve inflammation [19,20,21].



To determine the role of microglia for CNS disease development and progression, it is essential to visualize their activation status in histological sections. Several methods exist to (semi-)quantify the extent of microglia activation. First, one can estimate microglia numbers within a predefined region of interest (ROI) by either assessing the number of microglia applying stereological methods [22] or by determining their densities in thin histological sections [23,24]. Second, it is possible to quantify the staining intensity by the densitometrical evaluation of these sections. Third, one can determine the morphology of microglia cells in either thin or thick histological sections [25,26,27,28]. While other (histological) methods exist to assess the activation status of microglia cells, those three listed above are currently the most commonly used methods by the scientific community.



In this study, we systematically evaluated which of these histological methods (id est, quantification of microglia numbers, staining intensity, or cellular morphology) is most sensitive to detect subtle changes in the microglia activation status in the context of MS. To this end, we used the toxin-induced cuprizone model which allows the experimental induction of a highly reproducible demyelination in several CNS regions, paralleled by robust microglia activation in the course of cuprizone intoxication [29,30].




2. Materials and Methods


2.1. Animals


C57BL6/J mice (10 weeks of age, n = 20, 19–23 g) were ordered from Janvier Labs (Le Genest-Saint-Isle, France) as part of a large cohort study. Female mice were only used in this study. They were housed in cages which were changed once per week with a maximum of five mice per cage with ad libitum water and food. Further, the animals were housed under standard laboratory conditions, including 12 h light/dark cycle and controlled temperature 22 ± 2 °C. As suggested by the Federation of European Laboratory Animal Science Associations (FELASA), we implemented microbiological testing. The acclimatization phase of mice lasted for seven days previous to the start of cuprizone intoxication. The assignment of animals to the experimental groups was random. The Review Boards for the Care of Animal Subjects of the district government Mecklenburg–Western Pomerania permitted the experiments (reference number 7221.3-1-001/19).




2.2. Cuprizone Intoxication


Cuprizone intoxication was induced as described previously [31,32,33]. Mice were intoxicated with 0.25% cuprizone mixed into standard rodent chow for 1, 3, or 5 weeks (n = 5 per group). Therefore, cuprizone was weighed using precision scales and mechanically mixed into ground standard rodent chow, using a commercially available kitchen machine. The chow was mixed at the highest speed setting and manually agitated for 1 min and was then provided in two separate plastic petri dishes per cage. Control group mice were fed with standard rodent chow throughout the experiment. The following exclusion criteria were applied: severe weight loss (>10% within 24 h), severe behavioral deficits (decreased locomotion, convulsions, stupor), or infections. No animal met the exclusion criteria during the course of this study.




2.3. Tissue Preparation


For tissue preparation, animals were injected intraperitoneally with ketamine (100 mg/kg) and xylazine (10 mg/kg). Afterward, mice were transcardially perfused with phosphate-buffered saline (PBS) and 3.7% paraformaldehyde solution (pH 7.4). At Bregma −2.3 (corresponding to Franklin and Paxinos atlas [34]), we made a series of 5 µm thick coronal paraffin-embedded brain sections for immunohistochemical analyses. This region was defined as region 315 (R. 315) according to the brain atlas by Sidman et al. (http://www.hms.harvard.edu/research/brain/atlas.html, accessed on 1 October 2021).




2.4. Immunohistochemistry/Histochemistry and Evaluation


Previously established protocols were used to conduct immunohistochemistry [35,36]. In brief, sections were deparaffinized, rehydrated, and antigens were unmasked by heating in tris(hydroxymethyl)aminomethane/ethylenediamine tetraacetic acid (Tris/EDTA) buffer (pH 9.0). After washing in PBS, the sections were incubated for 1 h in 5% blocking serum of the species in which the secondary antibody was raised. After draining the blocking serum, the sections were incubated overnight at 4 °C with the primary antibody anti-IBA1 diluted in blocking solution with a concentration of 1:500 (Wako, Neuss, Germany; 019-19741, polyclonal, RRID: AB_839504). Appropriate negative controls (omission of the primary antibody) were performed in parallel. The next day, the slides were treated with 0.35% hydrogen peroxide (H2O2) in PBS for 30 min. After washing in PBS, the slides were incubated with the EnVision System for 1 h (EnVision System-HRP labelled polymer anti-rabbit; Dako, Hamburg, Germany). The antigenic sites were detected by a reaction with 3,3′-diaminobenzidine (Dako, Hamburg, Germany) and H2O2, yielding a brownish deposit.



Figure 1 shows the ROIs (the medial corpus callosum, the medial retrosplenial cortex, and the entire hippocampus) in which the different parameters of microglia activation (quantification of microglia numbers, staining intensity, and cellular morphology) were evaluated. The medial corpus callosum was defined as the region between a perpendicular line dropped from the interhemispheric fissure and a perpendicular line dropped from the peak of the cingulum (see Figure 1A). To analyze the medial retrosplenial cortex (laminae 1–6), a perpendicular line between the peak of the cingulum and the brain surface was used as lateral boundary. Furthermore, the entire hippocampus was defined as a third ROI.



To quantify microglia cell numbers, sections were digitalized using a Nikon ECLIPSE E200 microscope (Nikon Instruments, Düsseldorf, Germany, 20-fold objective, numerical aperture (NA): 0.4) equipped with a camera (Basler acA1920-40uc). For densitometrical (4-fold objective, NA: 0.13) and morphological analyses (40-fold objective, NA: 0.95) of microglia cells, the Leica DM6 B automated microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany) equipped with a DMC6200 camera was used and the images were taken using constant illumination settings. To quantify the number of microglia, the program ViewPoint (version 1.0.0.9628, PreciPoint, Freising, Germany) was used. The area of the ROI was outlined manually, and IBA1+ cells were counted within the ROI by two evaluators (MW and YB/AS) blinded to the treatment groups. Results are shown as the number of cells per mm2.



For staining intensity measurement, we performed a semi-automated densitometrical analysis with the software ImageJ (version 1.48v, NIH, Bethesda, MD, USA). The pictures were transformed to grayscale pictures and a threshold was set to divide every pixel of all pictures in black or white (two class system, binary conversion). Moreover, the threshold analysis functions by setting a value cutoff in which every pixel larger in comparison to the cutoff value refers to one class and every pixel smaller in comparison to the cutoff value refers to the other class. After setting a threshold, relative staining intensities were semi-quantified in binary converted images and the results were transformed into percentage area values. Results are shown as staining intensity in (%) area of the entire ROI.



To analyze the microglial morphology, Z-stack-multifocus images were generated with a 0.2 μm step size using the Leica DM6 B automated microscope (see Supplementary Figure S1 for a representative illustration). Using the software ImageJ, microglia cells in the corpus callosum (averaged analyzed cell number per animal ± standard deviation (SD): 22.15 ± 15.23 cells/animal), the cortex (16.35 ± 2.28 cells/animal), and the hippocampus (50.75 ± 18.31 cells/animal) were randomly selected by superimposing a rectangular grid with uniform distances between the lines in directions X and Y and analyzing all cells crossing the grid lines. The ramification index was calculated as illustrated in Figure 1D–F). According to Kogel et al., the ramification index is defined as the ratio of the cell area (Ac) and the projection area (Ap) [37]. To measure Ac, the anti-IBA1-positive area of one individual cell was outlined using the polygon tool in ImageJ. To measure Ap, a Convex Hull Analysis was performed which measures the size of the cellular field by interpreting a branched structure as a solid object controlling a given amount of physical space. Resting microglia are characterized by long and thin ramified processes with a relatively large Ap and a relatively small Ac. Activated microglia show a hypertrophic cell body with hypertrophic and retracted cell processes. During microglial activation, the ramification index approaches a value close to 1.




2.5. Statistical Analyses


All data are given as arithmetic means ± SD. Differences between groups were statistically tested using the software GraphPad Prism (version 8.0.0, GraphPad Software, San Diego, CA, USA) with confidence intervals of 0.05. p-values of ≤ 0.05 were considered to be statistically significant. The following symbols are used to indicate the level of significance: * p  ≤  0.05, ** p  ≤  0.01, *** p  ≤  0.001, n.s. indicates “not significant”. Significant outliers were excluded from the densitometrical analyses using the Grubbs’ test (alpha = 0.05). To analyze differences between groups, the non-parametric Kruskal–Wallis test followed by Dunn’s multiple comparison test was applied.





3. Results


3.1. Microglia Activation in the Corpus Callosum


In the cuprizone model, various regions of the brain are affected such as the corpus callosum which is an integral commissural fiber tract connecting the left and right cerebral hemispheres, enabling communication between them. In a first step, we analyzed the progression of microglia activation in the medial corpus callosum using the (i) quantification of anti-ionized calcium-binding adaptor protein-1 (IBA1)+ cell numbers, (ii) densitometrical analyses of IBA1 staining intensities, and (iii) morphological changes of IBA1+ cells by determining the cell ramification index (Figure 2). None of the three applied analysis methods revealed a significant increase in the analyzed parameters after 1 week cuprizone intoxication (cell number: control (Ctrl) 87.79 ± 20.52 cells/mm2 vs. 1 week (1 w) 196.97 ± 51.14 cells/mm2, n.s.; staining intensity: (Ctrl) 1.89 ± 0.96% vs. (1 w) 4.84 ± 0.84%, n.s.; ramification indices: (Ctrl) 0.66 ± 0.04 vs. (1 w) 0.81 ± 0.06, n.s.). During the course of cuprizone-induced demyelination, all three values steadily increased. At week 3, cell numbers were (Ctrl) 87.79 ± 20.52 cells/mm2 vs. 3 weeks (w) 803.14 ± 264.54 cells/mm2, p = 0.006; staining intensities were (Ctrl) 1.89 ± 0.96% vs. (3 w) 28.41 ± 17.31%, p = 0.004; and the cell ramification indices were (Ctrl) 0.66 ± 0.04 vs. (3 w) 0.87 ± 0.03, p = 0.008. At week 5, cell numbers were (Ctrl) 87.79 ± 20.52 cells/mm2 vs. (5 w) 945.12 ± 370.25 cells/mm2, p = 0.001; staining intensities were (Ctrl) 1.89 ± 0.96% vs. (5 w) 37.57 ± 16.1%, p = 0.002; and the cell ramification indices were (Ctrl) 0.66 ± 0.04 vs. (5 w) 0.88 ± 0.04, p = 0.002.




3.2. Microglia Activation in the Retrosplenial Cortex


During the course of cuprizone intoxication, besides the white matter tract corpus callosum, various grey matter areas, such as the neocortex, are affected as well. Due to the a priori lower myelin content in the grey matter compared to the white matter, the extent of microglia activation during the course of cuprizone-induced demyelination is less severe [38]. In a next step, we repeated the very same analyses of microglia reactivity in the retrosplenial cortical area (Figure 3). None of the methods revealed a significant change of the investigated parameters after 1 week cuprizone intoxication (cell numbers: (Ctrl) 92.31 ± 13.46 cells/mm2 vs. (1 w) 87.27 ± 17.79 cells/mm2, n.s.; staining intensity: 2.34 ± 1.07% vs. 1.97 ± 0.13%, n.s.; ramification indices: 0.44 ± 0.04 vs. 0.49 ± 0.04, n.s.). Comparable to what we observed in the corpus callosum, during the course of cuprizone-induced demyelination, all three values increased, although in a delayed time course. At week 3, cell numbers were (Ctrl): 92.31 ± 13.46 cells/mm2 vs. (3 w) 99.13 ± 14.54 cells/mm2, n.s; staining intensities were (Ctrl) 2.34 ± 1.07% vs. (3 w) 4.39 ± 1.18%, n.s.; and the cell ramification indices were (Ctrl) 0.44 ± 0.04 vs. (3 w) 0.55 ± 0.04, p = 0.02. At week 5, cell numbers were (Ctrl) 92.31 ± 13.46 cells/mm2 vs. (5 w) 207.32 ± 39.2 cells/mm2, p = 0.03; staining intensities were (Ctrl) 2.34 ± 1.07% vs. (5 w) 6.52 ± 3.12%, p = 0.01; and the cell ramification indices were (Ctrl) 0.44 ± 0.04 vs. (5 w) 0.56 ± 0.03, p = 0.005. To conclude, just the ramification index was able to detect significant microglia activation at week 3.




3.3. Microglia Activation in the Hippocampus Formation


Finally, we tested by which method microglia activation in the hippocampus can be optimally analyzed (Figure 4). No method detected microglia activation at week 1 (cell number: (Ctrl) 85.42 ± 8.89 cells/mm2 vs. (1 w) 107.88 ± 10.77 cells/mm2, n.s.; staining intensity: (Ctrl) 1.17 ± 0.89% vs. (1 w) 5.94 ± 4.37% n.s.; ramification indices: (Ctrl) 0.53 ± 0.04 vs. (1 w) 0.6 ± 0.04, n.s.). Again, all three parameters increased during the course of cuprizone intoxication, but a plateau was reached at week 3 with no further increase until week 5. At week 3, cell numbers were (Ctrl) 85.42 ± 8.89 cells/mm2 vs. (3 w) 195.61 ± 27.98 cells/mm2, p = 0.0013; staining intensities were (Ctrl) 1.17 ± 0.89% vs. (3 w) 5.3 ± 1.26%, p = 0.014; and the cell ramification indices were (Ctrl) 0.53 ± 0.04 vs. (3 w) 0.64 ± 0.03, p = 0.003. At week 5, cell numbers were (Ctrl) 85.42 ± 8.89 cells/mm2 vs. (5 w) 180.56 ± 9.9 cells/mm2, p = 0.007; staining intensities were (Ctrl) 1.17 ± 0.89% vs. (5 w) 4.8 ± 0.99%, p = 0.05; and the cell ramification indices were (Ctrl) 0.53 ± 0.04 vs. (5 w) 0.62 ± 0.03, n.s.





4. Discussion


In this study, we were able to demonstrate that all of the tested methods to characterize the extent of microglia cell activation in the cuprizone model of demyelination, id est, the estimation of cell numbers, the analyses of anti-IBA1 staining intensity, and the quantification of the cellular morphology by determining the cell ramification index, can be used and provide comparable results.



In the cuprizone model, the kinetics of cellular alterations are relatively well characterized. Days after the initiation of the cuprizone intoxication, apoptotic oligodendrocytes can be histologically observed [16,39,40,41]. Oligodendrocyte stress is closely paralleled by the activation of microglia cells, as demonstrated in several studies [16,42,43]. Early microglia cell activation in this model is paralleled by the expression induction of various chemokines, including Cxcl10, Ccl2, and Ccl3. Some of these, for example, CXCL10, appear to be functionally involved in the complex process of microglia activation in this animal model [44,45,46,47]. Thus, early microglia activation can be determined by chemokine induction.



Microglia activation is a simple term describing a rather complex cellular process which includes changes in cell numbers, cellular morphology, gene expression, cytokine release, and the potential to present antigens, among others. While the necessity to apply reliable methods to quantify the extent of microglia activation is undisputed, the characterization of “activated” microglia is a challenging task for several reasons. For example, firstly, commonly used markers to label microglia cells in most instances also label peripheral monocytes that have invaded the brain parenchyma. Thus, a clear differentiation between microglial cells and peripheral macrophages is challenging. Secondly, while marker proteins have been identified which label microglia but not peripheral monocytes, for example, the transmembrane protein TMEM119 [48] or the purinergic receptor P2RY12, their expression is downregulated once microglia cells become activated [49,50,51]. Thirdly, while some marker proteins are expressed only by resting microglia cells (for example, TMEM119), some other marker proteins are exclusively expressed by activated microglia cells, such as the major histocompatibility complexes II (MHC-II) protein [48,52,53]. Of note, the MHC-II is not a specific protein in microglia as macrophages or B cells can also express MHC-II.



In this study, we used three commonly accepted methods to evaluate the extent of microglia cell activation, and each of the three methods has its weaknesses and strengths. Firstly, we used the parameter “number of cells”. One requirement for this method is to reliably identify the cell bodies to be able to estimate cellular numbers. This identification was challenging in the corpus callosum at week 3 and 5 of the cuprizone intoxication because of pronounced microgliosis. Further, it is worth mentioning that following the described approach, one does not evaluate cell numbers but cell densities (cells per area). To obtain entire cell numbers in a given region of interest, design-based stereology methods have to be applied as published in several models, including MS animal models [54,55]. The estimation of cell densities is a commonly used approach [56,57] and technically easy to conduct. It can preclude, at least to some extent, the interpretational error resulting from the variation in staining intensities due to differences in the tissue status and/or staining effectiveness, especially if the stains are performed manually. However, this method might underestimate the extent of microglia activation. As IBA1 protein expression is found in relevant amounts in resting microglia, minor microglia activation might not be detected by cell counting (false negative results are obtained). On the other hand, antibodies directed against marker proteins which are relatively low and expressed under physiological conditions, such as MHC-II in resting microglia [58], will reveal false positive results in injured tissues (demonstrating higher cell numbers does not necessarily mean that more microglia cells are present).



Secondly, we used the parameter “staining intensity”. The advantage of this method is that it is objective, reproducible, and can be used in areas of intense microglia activation where other methods are not precise. For example, after 5 weeks of cuprizone intoxication, the midline of the corpus callosum displays such an intense anti-IBA1 staining that cell counting and the estimation of microglia cell morphologies is complicated (compare Figure 2). A limitation of densitometrical analyses is that unspecific background staining of the investigated tissues might interfere with the evaluation of staining intensities and might, thus, bias the results. Commonly used detection systems in immunohistochemistry are, among others, the avidin–biotin complex method, the labeled streptavidin biotin method, polymer-based detection systems, or tyramine amplification systems. In comparison to standard immunohistochemical methods, polymeric and tyramine-based amplification methods have an increased sensitivity which might result in increased unspecific background signals. The choice of the detection system for immunohistochemical stains should therefore be based on the intended evaluation method. Further, appropriate threshold algorithms should be used during the digital evaluation of the staining intensity.



Finally, we determined the degree of the cellular ramification to estimate the extent of the microglia activation in anti-IBA1-stained sections. It has been demonstrated that IBA-1 regulates actin-crosslinking involved in membrane ruffling in microglia [59]. Because membrane ruffling is essential for the morphological changes occurring during microglia activation, this activation is associated with increased IBA-1 expression. Moreover, it is assumed that microglia cells play an important role in demyelination and remyelination in the course of MS, indicating that they can fulfil deleterious and beneficial functions [7,60]. To determine the role of microglia in CNS disease development, the microglia morphology have to be distinguished between an amoeboid form characterized by a hypertrophic cell body with retracted processes and a ramified cell. Further, we have to take into account that intermediate forms between amoeboid and ramified microglia also exist which might have different functions [61]. In the past years, several methods have been developed that involve morphological characteristics, such as morphological complexity with fractal [62], Skeleton [63,64], and/or Sholl analyses [65]. Roufagalas et al. recently demonstrated region-dependent alterations in microglial cell morphology in the grey matter of cuprizone-intoxicated animals analyzed with a semi-automated imaging analysis tool, MicroApp [66]. In this study, we used a relatively simple and easy-to-conduct approach, id est, an estimation of microglia ramification (see Figure 1). Ramified, resting microglial cells have a large maximum Ap and a relatively small Ac. In contrast, in activated microglia cells (or macrophages), the ramification indices value approaches 1 due to a hypertrophy of the cell body paralleled by a retraction of the cell processes [26]. At least for the neocortical region, we were able to demonstrate in this study that at week 3 of the cuprizone intoxication, microglia cell morphology was significantly altered, whereas the other two parameters (cell density and staining intensity) were not yet increased. We speculate that in the white matter corpus callosum, the morphology of microglia cells is strongly related to the orientation of axonal fibers with processes running in parallel to them. Indeed, the RI values in the control corpus callosum were 0.66 (±0.04), whereas in the cortex, the RI values were profoundly lower (0.44 ± 0.04). Thus, the microglia located in the neocortical grey matter might be able to adopt their morphology faster in comparison to white matter microglia cells which would explain our observation. In line with previous results [67], the determination of cellular morphologies is an elegant and sensitive tool to estimate subtle differences in microglia cell activation in this model, at least for the neocortex.



To recommend an evaluation method of choice during the course of cuprizone intoxication, areas with intense microglia activation have to be distinguished from areas with subtle microglia changes. The cell number evaluation and the morphological method should be preferred in areas with bland microglia activation, whereas in areas with a high degree of microglia activation, densitometrical analysis appears to have a higher validity.
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Figure 1. Regions of interest at brain level region 315 (Bregma −2.3; Nissl staining). (A) The medial corpus callosum (mcc) was defined as the corpus callosum area between a perpendicular line dropped from the interhemispheric fissure and a perpendicular line dropped from the peak of the cingulum (cg). (B) The medial retrosplenial cortex was defined as the cortical areas above the mcc with a perpendicular line dropped from the brain surface and the peak of the cingulum as lateral boundary. (C) The entire hippocampus was defined as a third region of interest (ROI). (D) The ramification index was calculated from the ratio of the cell area (Ac) and the projection area (Ap). (E) Ap is the area of a polygonal object that is defined by the cells’ most prominent projections. A resting microglia cell displays long and thin ramified processes with a relatively high Ap (encircled in yellow) and a relatively small Ac (encircled in blue). (F) An activated microglia cell is characterized by a hypertrophic cell body with retracted processes resulting in a ramification index value close to 1. 
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Figure 2. Microglia activation in the medial corpus callosum of cuprizone-intoxicated mice (n = 5 per group). C57BL/6 mice were intoxicated with cuprizone for 1, 3, or 5 weeks (1 w Cup; 3 w Cup; 5 w Cup). Controls (Ctrl) were fed with normal chow throughout the experiment. (A) Representative anti-IBA1 staining of Ctrl, 1, 3, and 5 w Cup mice. Insets depict representative IBA1+ cells in the corpus callosum (panels beneath). (B) IBA1+ cell numbers were manually counted by two independent evaluators (MW and YB) blinded to the treatment groups. The microglia cell numbers gradually increased during the course of cuprizone intoxication. (C) Anti-IBA1+ staining intensities evaluated by densitometrical analysis also increased during the course of cuprizone intoxication. Densitometrically measured IBA1+ staining intensities were increased in 3 and 5 w Cup mice compared to Ctrl mice. (D) Ramification indices of randomly selected microglia cells in the corpus callosum were determined. After 3 and 5 w of cuprizone intoxication, the ramification indices were increased compared to Ctrl mice. Kruskal–Wallis test followed by Dunn’s multiple comparisons test were used to test for significant differences between cuprizone-intoxicated and Ctrl groups. Ac: cell area. Ap: projection area. ** p ≤ 0.01, *** p ≤ 0.001. 
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Figure 3. Microglia activation in the medial retrosplenial cortex of cuprizone-intoxicated mice (n = 5 per group). (A) Representative anti-IBA1 staining of control (Ctrl), 1, 3, and 5 w Cup mice. Insets depict representative IBA1+ cells in the cortex. (B) IBA1+ cell numbers were manually counted by two independent evaluators (MW and AS) blinded to the treatment groups. The densities of IBA1+ microglia cells were significantly increased after 5 w of cuprizone intoxication. (C) Densitometrically measured IBA1+ staining intensities were increased in 5 w Cup mice compared to Ctrl mice. (D) The ramification indices of microglia cells in the retrosplenial cortex gradually increased during the course of cuprizone intoxication. Kruskal–Wallis test followed by Dunn’s multiple comparisons test were used to test for significant differences between Ctrl and all cuprizone-intoxicated groups. Ac: cell area. Ap: projection area. * p ≤ 0.05, ** p ≤ 0.01. 
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Figure 4. Microglia activation in the hippocampus of cuprizone-intoxicated mice (n = 5 per group). (A) Representative anti-IBA1 staining of control (Ctrl), 1, 3, and 5 w Cup mice. Insets depict representative IBA1+ cells in the hippocampus. (B) IBA1+ cell numbers were manually counted by two independent evaluators (MW and YB) blinded to the treatment groups. IBA1+ cell densities were significantly increased after 3 and 5 w of cuprizone intoxication. (C) Densitometrically measured IBA1+ staining intensities demonstrated a significant increase during the course of cuprizone intoxication. (D) The ramification indices of microglia in the hippocampus were increased after 3 w of cuprizone intoxication. Kruskal–Wallis test followed by Dunn’s multiple comparisons test were used to test for significant differences between Ctrl and all cuprizone-intoxicated groups. Ac: cell area. Ap: projection area. * p ≤ 0.05, ** p ≤ 0.01. 
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