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Microglia, the innate immune cell of the central nervous system, play significant roles in brain development, maintenance, homeostasis, and neuroinflammation. Although numerous methods have been developed to isolate microglia from embryonic or postnatal mouse brains, still major difficulties exist in isolating microglia from adult mice, often resulting in low yield and risk of cellular activation. Therefore, there is a need for a more efficient method to isolate pure and high-yield microglia from adult mice to study various neurodegenerative diseases. The aim of this study was to develop a fully functional protocol for the isolation of microglia by comparing different protocols. We investigated the efficacy of three protocols in terms of cell yield, purity, cellular activation, cellular aging, and migration properties and proposed the modified protocol (PROTOCOL 1), which provides an optimal yield of functional microglial cells with a minimum of material and equipment and allows young researchers with little experience to isolate microglia and helps them to delve deeper into the world of neuroscience.
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Introduction

Microglia are the resident macrophages in the central nervous system (CNS) (Bennett and Bennett, 2020). Their functions in a healthy brain are to manage synaptic connections, respond to infections and chemical or physical harm, and contribute to processes associated with removing dying neurons or cellular debris (Harry and Kraft, 2012). Microglia are also involved in synaptic pruning and remodeling in the brain. Any impairment of the CNS, including infection, trauma, or metabolic dysfunction, results in microglia activation. Following activation, microglia undergo morphological and functional changes (Saijo and Glass, 2011; Tang and Le, 2016; Simpson and Oliver, 2020). However, disrupted sentinel tasks and deregulation of the defense function in microglia can lead to neuronal damage (Hickman et al., 2018). Thus, aberrant microglial activation in the brain leads to neuroinflammation and neurodegeneration (von Bernhardi et al., 2015; Megur et al., 2020). Therefore, it is necessary to study these cells to understand their role in brain development and neuroinflammation. Primary cells are more relevant to biomedical research than the use of cell lines. Moreover, they have a number of applications, including understanding cellular morphology, functionality, cytokine production (Jolivel et al., 2021), scaffold research (Watson et al., 2017), and disease models (Stansley et al., 2012).

Nowadays, scientists often use microglial cell lines or primary microglia isolated from embryonic (Gingras et al., 2007) or neonatal animals (Floden and Combs, 2007) as in vitro microglial models. However, microglial cell lines are not always a preferred model because they express few, if any, genes characteristic of adult microglia (Butovsky et al., 2014), have a distinct transcriptome signature (Gerrits et al., 2020), and are phenotypically separate from primary microglia (Ni and Aschner, 2010). Furthermore, neonatal primary microglia are not fully mature and behave differently from adult microglia (Crain et al., 2013). Consequently, these in vitro microglia models might not be suitable for studying neurodegenerative diseases in which aging plays a crucial role. Research into the biology of the microglial cells is hampered by the difficulty in obtaining a sufficient quantity of primary microglial cells from old animals to routinely perform experimental techniques and elucidate signaling pathways (Gordon et al., 2011). For example, myelin, a multilayered, lipid-rich material that surrounds the axon, can interfere with downstream applications during cell culture and therefore need to be removed (Nikodemova and Watters, 2012). In addition, large numbers of animals are required to study cell function. Moreover, maintaining microglia in culture is associated with limited cell proliferation, which in turn can lead to a number of difficulties (Aktories et al., 2022).

In addition, cell yield is affected by the homogenization procedure and consideration must be given to whether enzymatic or mechanical digestion is used, as this could alter the expression of cell surface markers (Garcia et al., 2014). Several protocols have been developed for the isolation of microglia. Percoll density gradients are widely used to separate microglia (Cardona et al., 2006; Frank et al., 2006; Agalave et al., 2020). These gradients contribute to cell size separation (Frank et al., 2006) and effectively remove myelin and cellular debris (Grabert and McColl, 2018). The disadvantage of this technique is the long centrifugation and dissociation of brain tissue before spinning down, which can lead to excessive cell damage and low microglial yield (Ni and Aschner, 2010). In recent years, researchers have observed the emergence of new protocols, such as magnetic bead separation, which targets a specific marker using an antibody-magnetic bead conjugate (Podolnikova et al., 2016). Also, the protocol developed by Woolf et al. (2021), which takes advantage of the adherent property of microglia, has enabled a new method for isolating pure microglia. Removal of red blood cells is a critical step in the isolation of microglia when perfusion is not performed (Buenaventura et al., 2022).

As microglia are susceptible and reactive cells, different preparation protocols may result in slightly different phenotypes of microglial cells, which in turn can potentially influence experimental results.

The aim of the present study was to isolate microglia using three different protocols, characterize the cells based on cell purity, functionality, and cellular aging, and validate our redesigned protocol (PROTOCOL 1) (Bordt et al., 2020). We have described an efficient method for isolation of microglia from adult mouse brain that allows assessment of microglial activities in vitro that reflects their functions in vivo. We modified the existing protocol to provide a simpler and faster method for isolating large numbers of microglia with relative high purity using common laboratory reagents. To prove our concept, we compared isolation procedures and post-isolation characterization.



Materials and methods


Animals

For this study, 34 adult (6-month-old) C57BL/6J mice obtained from Janvier Laboratories, France, were used the permission of the Lithuanian State Food and Veterinary Service to perform the experiment was given (No. G2–104), and the maintenance and experiments complied with the requirements of 2010/63/EU Directive. Animals were housed under controlled conditions (22°C ± 1, humidity 40%, food and water were supplied ad libidum) and under veterinary supervision. The animals were euthanized using cervical dislocation.



Isolation and maintenance of microglial cells

Brains were removed from euthanized animals as quickly as possible and kept cold (+4°C) in a medium containing antibiotics for the further procedure (as described in Supplementary material). The average brain weight collected from this age group of mice was approximately 500 mg. Dissection of tissue must be rapid to prevent cell death and activation. Tools and reagents must be sterile and prepared in advance. Careful in preparing the right pipette size.

Isolation of microglia was performed using three different protocols: PROTOCOL 1 (modified by our laboratory), PROTOCOL 2 (Woolf et al., 2021), and PROTOCOL 3 (Lee and Tansey, 2013), as described in the Supplementary material. Figure 1 depicts a schematic diagram of step-by-step isolation procedures. Cells were seeded in a T25 culture flask in 50% Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12; ThermoFisher Scientific, Lithuania) with GlutaMAX™ supplement (ThermoFisher Scientific, Lithuania) and 50% conditioned medium collected from mixed cells isolated from the brain (as described in Supplementary material) with 10% Fetal bovine serum (FBS) and 1% penicillin/streptomycin (10,000 units). On day 2, the medium was supplemented with macrophage colony-stimulating factor (M-CSF; 100 ng/mL; R&D Systems, UK) and granulocyte-macrophage colony-stimulating factor (GM-CSF; 100 ng/mL; R&D Systems, UK). Microglia were cultured for 7 days, and the medium was changed every 3 days. 7 days is necessary for the isolated microglia to recover their sub-reactive morphology. During the 7-day adaptation period, cells were monitored every day and imaged on day 1, day 4, and day 7 to show the developing morphology. Images were taken under a light microscope at 20x magnification, as shown in Figure 3. After 7 days in culture, cells were counted with a trypan blue exclusion assay using a hemocytometer. Additionally, upon attaining morphology and confluency, cells were detached from flasks using 0.05% trypsin and 0.5 mM EDTA and seeded into 48 well plates for experiments. The flasks were not coated with any material for culturing as well as experimentation.
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FIGURE 1
Overview of protocols for microglia isolation. (A) Schematic representation of the protocols used to isolate adult mouse microglia. (B) The total duration of isolation for each protocol. (C) Schematic diagram of experimental timeline.
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FIGURE 2
The yield of microglial cells obtained with three different protocols. The graphs show the group means of the number of microglial cells per mouse brain obtained from 6-month-old mice by the isolation procedure of PROTOCOL 1, PROTOCOL 2, and PROTOCOL 3. For statistical analysis, the one-way ANOVA was used [F(2,4) = 20.60; p < 0.0078], and a subsequent post-hoc test was carried out using Tukey’s comparison test: *p < 0.05; **p < 0.01; N = 3.
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FIGURE 3
Morphological and proliferative differences between cells isolated by different methods. Representative phase-contrast images of mouse microglia cultures over 7 days in culture illustrating significant growth time points for PROTOCOL 1 (A–C), PROTOCOL 2 (D–F), and PROTOCOL 3 (G–I). Scale bars: 100 μm.




Microglia purity assessment

Microglia were identified by their specific surface expression profile of CD11b using immunocytochemistry. After 7 days of culture, 100,000 cells/well were seeded in 48-well plates for immunocytochemistry analysis. Twenty-four hours after seeding, cells were fixed with freshly prepared 4% paraformaldehyde in PBS for 15 min. Cells were stained with CB11b antibody (1:150; PE, ThermoFisher Scientific; Lithuania), and nuclei were counterstained with DAPI dye. Fluorescence was visualized using a fluorescence microscope. Analysis was performed using ImageJ software. Multiple CD11b+ cells were counted, and the percentage was plotted.



Assessment of microglia morphology

We evaluated cell soma size, the number of processes, and the roundness of the cells. It is known that activated microglia have bigger soma size, tend to be on the rounder side, and has fewer processes (Hovens et al., 2014). Morphological characteristics of the microglia were analyzed by using the image analysis software ImageJ. The area size and cell roundness were measured by using freehand selection. Area value determines how many pixels there are in the cell area. The more pixels are in the cells, the bigger it is. The rounder the cell, the more value in “Round” became closer to 1. Cell processes were counted by eye.



Evaluation of TNF-alpha gene expression

To assess gene expression of TNF alpha in microglia cells after treatment with LPS, we performed qRT-PCR using QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scientific, USA). Total RNA was extracted using a High Pure RNA Isolation kit (Macherey-Nagel, Germany) according to the manufacturer’s protocol, and subjected to cDNA synthesis using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, USA). qRT-PCR for TNF-α was performed using their respective primers. Primer sequences were as follows: TNF-alpha, F: 5′-ATGGCCTCCCTCTCATCAGT-3′, R: 5′- TTTGCTACGACGTGGGCTAC-3′. Alpha tubulin was used as a housekeeping control gene, F: 5′-TGTGGATTCTGTGGAAGGC-3′, R: 5′-ATGAAAGCACACATTGCCAC-3′. Standardization was performed using Alpha tubulin and then fold increase was calculated keeping control group as 1 (arbitrary unit) in all protocols.



Quantitation of cytokine TNF-alpha in cell culture supernatants

ELISA kits for the measurement of mouse cytokine TNF-alpha levels in cell culture supernatants were used (Thermo Fisher Scientific, USA). ELISA kits are based on the sandwich immunoassay technique. Supernatants were used diluted 2X. All procedures were performed according to the manufacturer’s protocols. In the last step, 3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution was added to each well. The plates were monitored for 15 min for color development, the reaction in wells was stopped with 3.6% H2SO4 solution, and the wells were read at 450 nm with reference wavelength at 570 nm plate reader Varioskan Flash (ThermoFisher Scientific, Finland). A standard curve was generated from cytokine standard, and the cytokine concentration in the samples was calculated.



Evaluation of the phagocytic properties of microglia

The phagocytic capacity of the microglia was determined by the uptake of 1 μm fluorescent latex beads (Sigma Chemical Co., USA). 100,000 cells/well were seeded in 48-well plate. Cells were divided into two groups: cells treated with LPS (10 ng/mL), and untreated cells. After 24 h, both treated with LPS, and untreated cells were incubated with 0.025% (w/w) fluorescent latex beads for 4 h at 37°C and 5% CO2. Cells then were rinsed twice with PBS, fixed with freshly prepared 4% (w/v) paraformaldehyde in PBS, and permeabilized (PBS + 1% Triton X-100). Cells were blocked for 30 min in PBS containing bovine serum albumin (3% BSA) and fetal bovine serum (10% FBS) and incubated for 1 h at room temperature with a primary conjugated antibody (anti-CD11b; 1:150; PE, ThermoFisher Scientific; Lithuania) in blocking solution. Nuclei were counterstained with DAPI dye (5 μg/mL), and fluorescence was visualized using a fluorescence microscope. Analysis was performed using ImageJ software and GraphPad software. The percentage of CD11b + cells with ingested latex beads > 10 was analyzed for treated and untreated cells.



Assessment of microglial cell senescence

Microglial senescence was evaluated by determining the activity of β-galactosidase. 100,000 cells/well were seeded in a 48-well plate. After 24 h, senescence-associated β-galactosidase (SA-β-gal) activity was assessed using the Senescence Cells Histochemical Staining Kit (Sigma-Aldrich, USA) according to the manufacturer’s instructions. Briefly, cells were fixed (7 min in fixative solution), washed, incubated with β-galactosidase staining solution (overnight, 37°C), and visualized under a light microscope (Olympus IX51, Japan) using 20X magnification. Analysis was undertaken with ImageJ software. The number of β-galactosidase positive microglia was assessed and expressed as a % of the total number of cells.



Evaluation of the migration properties of microglia

Chemotaxis was assessed by plating the cells (100,000 cells) on the Transwell insert in a Boyden chamber (pore size 8 μm; Corning Inc., UK). After 24 h, the medium in the chamber was replaced with a serum-free medium, while the bottom of the well-contained a medium with serum. Cells were incubated for 6 h and then stained with crystal violet. Elution buffer (0.1% acetic acid in 50% ethanol) was used to solubilize the crystal violet dye. The absorbance at 570 nm was measured by plate reader Varioskan Flash (ThermoFisher Scientific, Finland). The amount of crystal violet dye is directly proportional to the migratory cells trapped on the bottom side of the chamber. Analysis was performed by representing control as 1 (arbitrary unit) in all protocols and comparing the fold increase.



Assessment of microglial oxidative stress (ROS)

To assess ROS, 100,000 cells were seeded into a 48-well plate. ROS generation was assessed by treating cells with LPS (10 ng/mL) for 24 h and staining with CellRox Deep Red (Thermo Fisher, USA) according to the manufacturer’s instructions. Briefly, CellRox Deep Red solution was added to the media following treatment and incubated in the dark for 30 min at 37°C, 5% CO2. Cells were then washed and fixed with 4% paraformaldehyde for 15 min. The nuclei were counterstained with DAPI dye (5 μg/mL), and fluorescence was visualized using a fluorescence microscope (Olympus IX51, Japan) at 20x magnification. Analysis was performed using ImageJ software.



Statistical analysis

Data are reported using ANOVA with mean ± SEM, and the number of experiments is indicated in each case. Only chemotaxis was presented as a violin plot. A subsequent post-hoc test was carried out using Tukey’s comparison test. The significance level was set at p < 0.05. Graphpad Prism was used for statistical analysis (Graphpad Prism version 9.3.1, USA).




Results


Cell yield and morphological analysis

A high number of primary cells is critical for the study of microglia biology. Therefore, the starting point of this study was the evaluation of microglial cell yield obtained using three different protocols. We chose to compare isolation efficiency with our optimized protocol based on enzymatic dissociation and debris removal (referred to as PROTOCOL 1), with a technique that exploits the adherent properties of microglia (referred to as PROTOCOL 2), and with a method that uses a Percoll gradient (referred to as PROTOCOL 3). The total number of cells was determined by trypan blue exclusion after culturing the microglial cells for 7 days and expressed as a number of microglial cells per mouse brain. PROTOCOL 1 consistently produced a higher yield with an average of 340,000 cells compared to 100,000 (p < 0.0069) and 215,000 (p < 0.0288) in PROTOCOL 2 and PROTOCOL 3, respectively (Figure 2).

Under physiological conditions, microglia are characterized by a small cell body and predominating ramified morphology. However, cell activation triggers a morphological transformation from a ramified to an amoeboid-like, we evaluated the morphology of microglia after different isolation techniques to determine whether the isolation method can cause drastic cell activation in vitro and affect the proliferation rate. All microglia cultures showed similar morphological patterns during the culture phase for all isolations performed (Figure 3). After isolation, the cells had a round morphology. After 2–3 days, microglia started to gain their characteristic morphology (Figures 3B, E, H). After 7 days, the microglia have adapted to a ramified morphology (Figures 3C, F, I). In addition, qualitative assessment of the cell proliferation rate showed that cells from all isolations grew uniformly well over the 7 days. Thus, the morphology and growth rate was independent of the isolation method.



Characterization of culture purity

Another essential requirement for the isolation method is the purity of the culture because foreign cells can overgrow microglia due to their higher proliferative capacity. Therefore, we evaluated whether different isolation methods can affect the purity of microglia culture by performing immunofluorescence staining with CD11b antibody (Figure 4A) and confirmed that the isolated primary microglia were 80–90% CD11b+. One-way ANOVA revealed no significant difference among protocols in the percentage of CD11b+ cells [F(2,6) = 4.537; p = 0.0631] (Figure 4B). Thus, we demonstrated that all protocols might generate high purity microglia cell cultures from adult mice brain.
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FIGURE 4
Evaluation of the purity of microglia. (A) Purity of cultures established by PROTOCOL 1, PROTOCOL 2, and PROTOCOL 3 was determined via immunocytochemistry using a specific marker for microglia (CD11b, red) and nuclear dye (DAPI, blue). Scale bar: 100 μm. (B) Graphical representation of the percentage of CD11b + cells at day 7 after isolation. Data are presented as mean ± SEM; N = 3.




Assessment of microglia morphology

We determined the microglia state by morphological analysis of soma size (Ceyzériat et al., 2018), number of processes, and roundness of the cell (Fernández-Arjona et al., 2017). We were able to analyze the data sufficiently to allow discrimination between 7-day cultured microglia and 7-day cultured stimulated microglia. The number of processes was significantly higher in the PROTOCOL 1 control group compared to the LPS treated reactive cells and two-way ANOVA was used [F(1,12) = 33.52; p < 0.001] (Figure 5A). Two-way ANOVA used [F(1,12) = 372.0; p < 0.001] was used to analyze size of cell soma where reactive group showed significantly larger cell soma than control group (Figure 5B). Two-way ANOVA [F(1,12) = 47.70; p < 0.001] showed no significant difference in all isolations in both groups (Figure 5C). Subsequent Tukey’s post-hoc test was done for all analysis.
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FIGURE 5
Evaluation of the morphology of 7-day cultured microglia and 7-day cultured stimulated microglia. Graphical representation of number of processes (A), size of cell soma (B), and roundness (C) at day 7. Data are presented as mean ± SEM; N = 3. ***p < 0.001 and *p < 0.05 compared to the control groups.




TNF-alpha gene expression

There are overwhelming evidences proving chronic microglia reaction and overproduction of pro-inflammatory cytokine tumor necrosis factor alpha (TNF-α) (Brás et al., 2020). At basal levels, TNF-α has an important role in brain development and immune cell mediated inflammation (Perry et al., 2002). However, in certain pathological conditions, increased levels of this cytokine over activate microglia, which then causes neuronal damage, such as demyelination and/or neuronal degeneration. Overactivated microglia release cytotoxic molecules, including TNF-α, which propagate pro-inflammatory signatures (Muhammad, 2019). In our experiment, significant difference was observed in pro-inflammatory TNF-α gene expression in LPS stimulated cells in all protocols compared to control group as described in Figure 6A using two-way ANOVA [F(1,12) = 330.9; p < 0.001] and subsequent Tukey’s post-hoc test. Amongst protocols, we observed a significant difference only between PROTOCOL 1 and PROTOCOL 3 as described in Figure 6B, One-way ANOVA was used to analyze data [F(2,6) = 5.262; p < 0.05] and subsequent Tukey’ post-hoc test was done.
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FIGURE 6
Evaluation of TNF alpha gene expression. (A) Graphical representation of TNF-alpha showing a significant fold increase in expression in LPS groups compared to control groups. (B) Comparison of TNF alpha gene expression among protocols after LPS treatment. Data are presented as mean ± SEM; N = 3. ***p < 0.001 compared to the control groups. PROTOCOL 1 shows a higher gene expression than PROTOCOL 3, #p < 0.05 for LPS treated groups.




TNF-alpha secretion

We determined no significant difference was observed in pro-inflammatory TNF-α levels in the collected media among isolation protocols at day 1 and day 7 controls and LPS treated groups. However, significant increase was observed in LPS treated groups at day 7 in all protocols compared to day 7 control groups as shown in Figure 7. For statistical analysis, two-way ANOVA was used [F(2,12) = 245.9; p < 0.001] and subsequent Tukey’s post-hoc test.
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FIGURE 7
Evaluation of cytokine TNF-alpha secretion. Graphical representation of TNF-alpha conc. at day 1, day 7 for control and LPS treated cells. Data are presented as mean ± SEM; N = 3. ***p < 0.001 compared to the control day 7.




Comparison of the activation potential of microglia

It is crucial to understand the impact of the isolation procedure on microglia cells because the isolation itself could activate microglia, leading to false-positive results. Therefore, we studied the reactive microglia after isolation in terms of phagocytosis, oxidative stress, and migration.


Phagocytosis

Microglia exhibit phagocytic properties in response to inflammatory stimuli such as LPS. To evaluate the phagocytic activity of the isolated cells based on the protocols, we divided the established primary microglia into two groups – untreated and treated with LPS. After 24 h, cells were incubated with latex beads for 4 h, followed by immunocytochemical analysis (Figure 8A). For statistical analysis, two-way ANOVA was used [F(1,12) = 501.7; p < 0.001] and the subsequent Tukey’s post-hoc test showed that phagocytic activity was dramatically increased in the presence of LPS. However, the phagocytic properties of microglia were not affected by different isolation protocols in both treated and untreated cell populations (Figure 8B).
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FIGURE 8
Evaluation of the phagocytic activity of microglia. (A) Representative image of microglia incubated with fluorescent latex beads (green), immunolabeled for CD11b to identify the cell soma (red), and nuclei stained with DAPI (blue). Scale bar: 100 μm. (B) The percentage of microglia involved in phagocytosis as the mean of cells that ingested at least 10 beads. Data are presented as mean ± SEM of the percentage of CD11b + latex beads + cells. ***p < 0.001.




Migratory capacity of microglia

Microglial cells are highly mobile under inflammatory conditions, which is one of the crucial properties of the immune response. Therefore, it is important to check the mobility of microglia after isolation. To examine the migratory function of microglia, chemotaxis was performed in control cells (without serum) and tested cells (with serum), as shown in Figure 9A. One-way ANOVA showed no detectable change in migration properties in either of the isolation protocols (Figure 9B). However, FBS resulted in higher cell movement compared to the control.


[image: image]

FIGURE 9
Evaluation of microglia migration. (A) Overview of chemotaxis setup. (B) Migration was assessed using chemotaxis chambers and analyzed by UV spectroscopy at 570 nm wavelength. Results were expressed as calorimetric intensity of the migrating cell compared to control cells. Data are presented as mean ± SEM; ***p < 0.001 and *p < 0.05 compared to the control.




Microglia and ROS

Reactive oxygen species play a key role as cellular defense mechanisms, therefore it is crucial to determine ROS production after isolation. To assess oxidative stress, cells were divided into 2 groups, untreated and treated (LPS) to induce ROS production (Figure 10A). Two-way ANOVA was used for statistical analysis [F(1,12) = 177.8; p < 0.001], and the subsequent Tukey’s post-hoc test showed a steep increase in the production of ROS in the LPS-treated cells, however, no difference was detected between the isolation protocols in the treated and untreated cells (Figure 10B).
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FIGURE 10
Evaluation of oxidative stress. (A) Representative images of microglia (PROTOCOL 1) exhibiting ROS (red) and nuclei stained with DAPI (blue). Scale bar: 100 μm. (B) Fluorescence intensity was measured, normalized, and normalized to log10. Data are presented as a violin plot. ***p < 0.001.


Consequently, it can be concluded that the isolation procedures did not affect microglia reaction. In all cases, primary microglia were more sensitive to LPS treatment.




Aging of the microglia

It is important to evaluate cellular senescence as it is related to cell dysfunction. To assess cellular senescence at day 7 (when well-defined morphology is achieved) and progression over 1 month (Figure 11A) after isolation, SA-β-gal activity was analyzed. ANOVA for microglia after 7 days [F(2,6) = 4.862; p = 0.0556] revealed no statistically significant difference, yet microglial cells isolated with PROTOCOL 1 showed a tendency to express more β-galactosidase (p = 0.0556) (Figure 11B). Senescence was rapidly increased in vitro for all isolation protocols after 1 month [F(2,6) = 0.8909; p = 0.4584], however, no difference in senescence was observed between the different isolation protocols (Figure 11B). Differences in cellular morphology were observed between day 7 (specific ramified morphology) and 1 month [round senescent specific morphology (Figure 11B)].
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FIGURE 11
Estimation of microglia senescence over an extended period of time. (A) Representative images of microglia showing SA-β-gal activity (blue) from different isolation protocols. Images were taken under a light microscope at 20x magnification. Scale bar: 100 μm. (B) SA-β-gal-positive cells were counted and results were expressed as mean ± SEM; ***p < 0.001, compared to the day 7 groups.





Discussion

Microglia serve as critical sensors, effectors, and regulators of CNS homeostasis during development, health, and disease (Helmut et al., 2011; Rubio-Araiz et al., 2018; Megur et al., 2020). Even in a healthy brain, microglia are highly active, pulling in and out motile processes through which they monitor their microenvironment and dynamically interact with surrounding cells (Parkhurst and Gan, 2010; Hanamsagar and Bilbo, 2017). Increasing knowledge now suggests that microglia have multifactorial effects that extend far beyond their traditional role in immunity. Thus, the study of microglial mechanisms is critical to broad areas of neuroscience.

With available primary microglia monocultures, many different assays are possible, such as microglia activation studies and screening for biomarkers and metabolites (Telpoukhovskaia et al., 2020). Primary microglia cultures mimic the host system and perform better in functional assays compared to microglia cell lines (Luan et al., 2022). Unique research in the field of genetically modified animals and transgenic disease models for neurodegenerative diseases is possible and can be extended to primary cell cultures to study and understand these unique systems. In addition, these systems can be studied in variety of species models to compare microglial functions (Montilla et al., 2020) and characterize microglia across species. Primary cell cultures are essential for certain research and have a number of applications. Researchers use cell cultures for various cell types, e.g., cardiac cells (Avazzadeh et al., 2022), nerve cells (Wei et al., 2022), hepatocytes (Miyoshi et al., 2022) etc., and applications such as understanding cell morphology (Giulian and Baker, 1986), functionality (Stansley et al., 2012), stimulated cytokine production (Bokarewa et al., 2021), scaffold research (Lizana-Vasquez et al., 2022), and model systems (Law et al., 2021). These aspects can be studied and visualized more reliably by cell culture techniques than by protein and RNA expression analyzes. By obtaining a high yield of cells, researchers could perform a range experiments from cell culture to RNA/protein work, which would allow them to take a multidiscipline approach to their hypothesis.

Nevertheless, microglia cell culture requires care and attention to details. Primary microglia cell culture systems are highly susceptable to various factors including the choice of coating for the culture flasks or the supplements in the media itself such as serum, growth factors, or added metabolites. Specific media must be used, DMEM f12 with GlutaMAX and supplemented with various necessary growth factors such as M-CSF and GM-CSF, which are important for microglial differentiation (Ginhoux et al., 2010; Wang et al., 2012) to promote growth and survival of the culture (Bohlen et al., 2017). In addition, experiments must be conducted within specific time frame, as the culture lifetime of microglia is short due to rapidly progressing senescence. Microglia-like cells that naturally develop in organoid cultures exhibit a typical ramified morphology that is much more similar to the in vivo morphology compared to other cell culture systems (Aktories et al., 2022). One of the unique properties of microglia is that they change shape depending on the microenvironment (Saijo and Glass, 2011; Candlish and Hefendehl, 2021). It becomes even more complicated when we further divide them into their sub-states (Tang and Le, 2016; Candlish and Hefendehl, 2021). Purity of cell culture is essential for cell growth and proper assessment of microglial functions. Other cell types, particularly fibroblasts, can become dominant and take over the population, affecting (i) microglial proliferation and (ii) their response to stimuli. Comparison of the protocols showed no difference in the purity of the cells. We were able to achieve a purity of microglia culture of more than 80% with all methods.

Our work primarily intended to help researchers who would like to work with cells in vitro.

We modified a protocol developed by Bordt et al. (2020) based on enzymatic dissociation and debris removal (PROTOCOL 1). Our modification allowed us to avoid the use of magnetic beads. Since microglia have strong adherent properties, they are the first cells to attach to the plastic. Instead of separation by magnetic beads, we removed all unwanted and non-adherent cells 3 h after isolation. The efficacy of this isolation procedure was compared with a technique that uses the adherent properties of microglia (PROTOCOL 2) (Woolf et al., 2021) and with a method using the Percoll gradient (PROTOCOL 3) (Lee and Tansey, 2013).

One of the critical parameters is the duration of the protocol to isolate the cells. The longer the isolation takes, the higher the likelihood of cell death (Chen et al., 2017), handling errors, and possible alteration of gene expression. Therefore, it is important to mention that PROTOCOL 3 is time-consuming (it takes about 4 h to perform) and requires a high level of expertise. On the other hand, PROTOCOL 2 requires only 1 h of hands-on work and is comparatively straightforward but has a long incubation period prior to myelin removal that may affect cell viability (Nikodemova and Watters, 2012). In comparison, PROTOCOL 1 requires 3 h of hands-on work but yields the highest number of cells. In addition, this technique removes myelin, which may affect the ability to isolate cells.

Microglia nomenclature is important in order to prevent misinformation to young researchers (Paolicelli et al., 2022). As a result, we will be referring to 7-day cultured microglia as sub-reactive microglia (homeostatic-like cells) and 7-day stimulated microglia as reactive microglia. In our work, we highlighted the change in microglial morphology after isolation in a 7-day (Figure 3), during which the cells acquired their specific phenotype. We observed the typical ramified morphology consistent with other studies (Glenn et al., 1992; Ling and Wong, 1993). When comparing the protocols, no change in phenotype was observed in all of them. Thus, all protocols result in a similar ramified morphology suitable for experimental work. We determined cellular morphology based on cell soma, cell processes, and rounding. LPS induced cellular reaction is observable through morphology changes. Reactive microglia are rounder, have a larger soma and fewer processes compared to sub-reactive microglia (Leyh et al., 2021). We examined the morphology after 7 days of isolation to determine if the cells are suitable for experiments.

Using all protocols, we were able to culture sub-reactive microglia, compared to the reactive morphology exhibited by the LPS-stimulated group, as shown by morphology measurements. TNF-alpha is upregulated in pro-inflammatory immune responses and its signature is widely used as a biomarker. LPS-stimulated microglia exhibit a pro-inflammatory state in which they secrete the cytokine TNF-alpha (Lively and Schlichter, 2018). We studied TNF-alpha cytokine secretion and gene expression for pro-inflammatory signatures 7 days after isolation and found that the isolation protocol had no effect on cellular activation as evidenced by the upregulation of both gene and cytokine expressions in the LPS-treated groups. Therefore, we are confident that our protocol is capable of isolating unreactive microglia and is suitable for functional experiments.

Microglia are considered the professional phagocytes of the CNS, a function that is critical in brain development and pathology as well as regeneration (Helmut et al., 2011). The isolation itself could activate microglia, which could lead to false-positive results. Therefore, the isolation protocol used to obtain these cells should minimize artificial activation. Various pathological insults are used to activate microglia in vitro. Recent evidence suggests that microglia, when exposed to inflammatory stimuli such as LPS, switch their metabolism to glycolysis (Holland et al., 2018; Rubio-Araiz et al., 2018) and exhibit an inflammatory phenotype (Holland et al., 2018; Mcintosh et al., 2019), followed by marked phagocytosis. In our study, the isolation protocols showed no difference in phagocytic activity with or without the introduction of LPS. However, isolated cells with all three protocols without LPS showed significantly lower phagocytosis potential than LPS-treated cells. Therefore, all protocols can generate unreactive microglia.

In response to pathological stimuli, microglia act as sensors of brain injury, become reactive, and migrate to the site of injury to clear damaged cells and cellular debris by phagocytosis (Gyoneva et al., 2009). To mimic the directed migration of microglia toward the injury site, spatial concentration gradients of chemoattractant molecules are generated (Fan et al., 2017; Lively and Schlichter, 2018; Omar Zaki et al., 2019). In our study, migration was stimulated with 10% serum. The results showed increased migratory capacity of microglia in the presence of serum. However, no significant differences in microglia migration were observed between isolation protocols. Nevertheless, cells isolated with PROTOCOL 1 showed a tendency for better migration.

Reactive oxygen species are a hallmark of neurodegeneration and contribute to disease progression (Simpson and Oliver, 2020). Microglial dysfunction is primarily associated with increased production of ROS, which causes DNA damage (von Bernhardi et al., 2015). Activated microglia can also overproduce prostaglandins, chemokines, cytokines, and reactive oxygen and nitrogen species, which can impair neuron survival by increasing oxidative stress and activating cell death pathways (Redza-Dutordoir and Averill-Bates, 2016). It has been shown that treatment with LPS, the major constituents of Gram-negative bacteria, increases intracellular ROS production in microglia in vitro in a dose-dependent manner (Wang et al., 2004). In this study, a significant increase in ROS production was observed in all microglia cultures tested compared to the control cells when microglia were exposed to an LPS stimulus. Nevertheless, no difference was observed between isolation protocols in both treated and untreated cells. Therefore, we demonstrated that the isolation procedure did not affect the formation of ROS in primary microglia.

Studying the aging of microglia is key to understanding the cause of neurodegenerative diseases (Caldeira et al., 2014). Accumulation of senescent microglia with age has been demonstrated both in in vivo and in vitro models. Microglia are known to age faster and die rapidly in a single-cell microenvironment (Angelova and Brown, 2019). In culture, microglia that age exhibit a senescence phenotype, including increased SA-β-gal activity (Trias et al., 2019). To determine whether the isolation procedure affects microglia aging, cells were initially maintained in culture for 7 days, and no significant signs of senescence were observed. However, 1-month-old microglia showed a steep aging progression and subsequently higher activity of SA-β-gal. Isolation protocols showed no significant difference at either time point. However, we recommend performing experiments related to functionality within 2 weeks of early senescence.



Conclusion

We found no significant difference between the isolation protocols used in this study in terms of cell purity, functionality, and aging. These data suggest that microglia do not change their dynamic behavior to a more irresponsive phenotype depending on the cell isolation method. Therefore, all three protocols can be used in the study of neuroinflammatory responses under different pathological conditions to distinguish microglia-driven responses. However, the yield was significantly higher with our modified PROTOCOL 1. In research where they require close to 100% purity, we recommend perfusion of the brain tissue to eliminate any other cell type which may contaminate the purity of culture. In addition, there was a difference in the procedure length of each protocol, an important factor to consider.

We have provided three total-length protocols with all precautions and steps so that readers can choose the protocol that best suits their research needs and available laboratory equipment (as described in Supplementary material, with all precautions to address issues that may arise when isolating microglia).

However, in vitro microglia cannot be maintained in culture for extended periods of time. Therefore, although the proposed protocol extends the life of primary microglia in culture, it should be noted that microglia isolated from adult mouse brain behave differently outside the organism and that in in vitro studies should be carefully considered.
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