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Editorial on the Research Topic
 Dual Role of Microglia in Health and Disease: Pushing the Balance Towards Repair



Microglial cells are innate immune cells in the Central Nervous System (CNS) that provide support and facilitate tissue repair through the avid production of several inflammatory mediators (e.g., chemokines and cytokines) and growth factors (e.g., BDNF). They also remove menacing foreign or pathogenic elements and ensure the establishment and maintenance of proper synaptic connections. These diverse functions are addressed by the contributors of the present Research Topic.

He et al. explored the relationship between microglia activation and chemokine expression in a context of neuropathic hypersensitivity. In their study, the tetracycline antibiotic minocycline was administered in the hippocampus after nerve injury and clearly inhibited allodynia (i.e., a condition in which pain is caused by an innocuous stimulus). This analgesic effect was produced at the molecular level via downregulation of toll-like receptors and suppression of chemokine expression, which further emphasizes the role of minocycline on microglia activity. Burmeister and Marriott reviewed the role of the glial-derived interleukin (IL)-10 family of cytokines, which includes IL-19, IL-20, IL-22, and IL-24, in neuroinflammation. While IL-10 is generally accepted as a classical anti-inflammatory cytokine, IL-20 appears to have a pro-inflammatory effect and IL-22 can act either way. This reinforces the notion that our knowledge on these cytokines remains limited and warrants further attention to explore their potential in inflammatory brain disorders.

Blood coagulation factor fibrinogen has been associated to the development of depressive symptoms in Alzheimer's disease. In the context of brain dementia, Piers et al. showed how fibrinogen triggers an inflammatory microglial phenotype, assessed by genetic microarray analysis (microglial cell line) and proteome cytokine profiling (primary microglia). The consequent endoplasmic reticulum stress was blocked by inhibiting tumor necrosis factor (TNF)-α transcription or neuronal caspase activity, paving the way for the use of TNF inhibitors in inflammatory-mediated dementias. On a broader subject, Lee and Suk reviewed evidence on the role of protein kinases in neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis. Specifically, authors review microglial activity via protein kinase modulation in inflammatory contexts to treat or alleviate symptoms manifested in neurodegenerative conditions. In amyotrophic lateral sclerosis, Vaz et al. evaluated the effects of wild-type and mutant superoxide dismutase 1 (SOD1) expression in microglia upon overexpression of wild-type (hSOD1WT) and mutated G93A (hSOD1G93A) protein, to uncover possible therapeutic targets. Both transduced cells displayed lower expression of anti-inflammatory targets but only microglia transduced with hSOD1G93A had higher expression of pro-inflammatory markers. Moreover, their exosomes were enriched with SOD1 and HMGB1. While overexpressed hSOD1WT attenuated activation, hSOD1G93A produced a reactive phenotype albeit with low responsiveness. To extend their previous works, two molecules known to elicit neuroregeneration, glycoursodeoxycholic acid and dipeptidyl vinyl sulfone, were successfully tested. Both exerted immunomodulatory properties over the hSOD1G93A microglia, but through specific molecular pathways.

In addition to exosomes, there are other types of vesicles that mediate extracellular communication. Grimaldi et al. investigated the therapeutic potential of microvesicles derived from microglial cells in a glioma context. Vesicles were first obtained from microglial cells stimulated with lipopolysaccharide and interferon-γ, and then infused into mice injected with glioma cells in their striatal brain region. The group observed the induction of a protective phenotype and reduced tumor size, which was attributed to the microvesicle cargo enriched in transcripts for several inflammation-related genes.

Regarding microglia-secreted hormones, the potential of insulin-like growth factor-1 (IGF-1) was evidenced by several articles. Myhre et al. researched and compared IGF-1 and TNF expression, and the amyloid-β (Aβ) plaque load in adult and old APPswe/PS1dE9 transgenic vs. wild-type mice. In the wild-type animals, IGF-1 remained constant whereas TNF expression increased with aging. IGF-1 and TNF levels were found elevated in the aged transgenic group; Aβ plaque load increased and plateaued in this group. The main contributor of IGF-1 was microglial cells and the ability to retain expression alludes to the therapeutic potential of modulating this cell population in Alzheimer's disease. IGF-1 is also pivotal for neurotransmission, particularly in the developing and mature auditory system. Fuentes-Santamaría et al. used knockout-out mice to study the mechanisms involved in excitatory synaptic plasticity occurring in the cochlear nuclei. The Igf1−/− mice exhibited lower levels in markers related to microglial and astrocyte activation, higher glutamate transporter 1 expression and reduced metabotropic glutamate receptor expression. Therefore, the imbalances in neurotransmission observed in cochlear nuclei may be a consequence of microglia and astrocyte impairment. Wlodarczyk et al. showed that the stimulation of the colony stimulating factor-1 receptor (CSF1R) promoted the expansion of CD11c-positive microglia. This cell subpopulation provided primary myelination and constituted a major source of IGF-1, which is critical for neuronal survival. Using a model of experimental autoimmune encephalomyelitis, which mimics human inflammatory demyelinating disease, the CSF1R stimulation caused CCL2 overexpression and an increase of CD11c-positive microglia, later reflecting the amelioration of symptoms and reduced demyelination.

Phagocytosis of cell debris and invading pathogens is also a hallmark of microglia activity. In this sense, Reichert and Rotshenker demonstrated how galectin-3 could trigger complement receptor 3-mediated phagocytosis of myelin debris. Galectin-3 knockdown reduced phagocytosis and changed cell morphology from “amoeboid-like” to “branched-like” microglia. This effect was produced by reorganization of actin filaments and cofilin inactivation. Galactin-3 acts by activating cofilin and then K-Ras signaling, thus controlling microglia cytoskeleton and phagocytic activity. In addition, Akhmetzyanova et al. assessed if microglia phagocytic activity in the acute period of spinal cord injury could influence post-traumatic processes by transplanting genetically modified microglial cells (Ad5-GDNF or Ad5-EGFP) into the spinal injured area. While Ad5-GDNF microglial have decreased phagocytic activity, Ad5-EGFP microglia are amoeboid active phagocytic cells. The area of intact nervous tissue was lower in the first group but differences in functional recovery were not observed. Hence, further studies are warranted to determine how enhanced tissue sparing can positively correlate with a functional outcome.

Finally, Lively et al. evaluated the importance of sex differences and age in microglial responses. Most animal studies favor the use of male adult rodents. Hence, microglia from sex-segregated postnatal day 1 and postnatal day 21 rats were analyzed regarding their response to pro- or anti-inflammatory stimulation. The extensive evaluation of migration ability, expression of inflammatory mediators and phagocytosis-related molecules, revealed several alterations at the transcriptional and functional level associated to age but not to sexual dimorphism.

Altogether, we expect the work presented in this topic will shed light on the role of microglia on intercellular communication in the brain parenchyma, thus stimulating a further scientific debate and encouraging novel therapeutic approaches to efficiently repair the injured CNS.
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Aberrant or chronic microglial activation is strongly implicated in neurodegeneration, where prolonged induction of classical inflammatory pathways may lead to a compromised blood-brain barrier (BBB) or vasculature, features of many neurodegenerative disorders and implicated in the observed cognitive decline. BBB disruption or vascular disease may expose the brain parenchyma to “foreign” plasma proteins which subsequently impact on neuronal network integrity through neurotoxicity, synaptic loss and the potentiation of microglial inflammation. Here we show that the blood coagulation factor fibrinogen (FG), implicated in the pathogenesis of dementias such as Alzheimer’s disease (AD), induces an inflammatory microglial phenotype as identified through genetic microarray analysis of a microglial cell line, and proteome cytokine profiling of primary microglia. We also identify a FG-mediated induction of non-cell autonomous ER stress-associated neurotoxicity via a signaling pathway that can be blocked by pharmacological inhibition of microglial TNFα transcription or neuronal caspase-12 activity, supporting a disease relevant role for plasma components in neuronal dysfunction.
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INTRODUCTION

Midlife elevated plasma levels of systemic inflammatory markers such as fibrinogen and albumin are correlated with reduced brain volumes in brain areas associated with dementia such as Alzheimer’s disease (AD) in later life (Walker et al., 2017). Blood brain barrier (BBB) and cerebral vascular integrity can weaken in normal aging and in neurodegenerative diseases, and may contribute to cognitive decline (Hainsworth et al., 2017; Sweeney et al., 2018). Deposition of blood-borne proteins in the CNS parenchyma may occur in neurodegenerative diseases such as AD (Lipinski and Sajdel-Sulkowska, 2006; Ryu and McLarnon, 2009; Miners et al., 2018) and depletion of blood-borne factors, specifically fibrinogen (FG) are protective in animal models of neurodegeneration (Cortes-Canteli et al., 2012).

Fibrinogen may enter the brain via small cerebral microbleeds or microhaemorrhages (Werring et al., 2010), which are associated with the development of depressive symptoms in AD (Leeuwis et al., 2017), an often early event in AD (Cortés et al., 2018), and the inflammatory activation of microglia (Ahn et al., 2018). In line with this, infiltration of plasma proteins into the CNS precipitates neurotoxic signaling cascades through the activation of microglia (Huang et al., 2008; Hooper et al., 2009; Ryu and McLarnon, 2009; Weinstein et al., 2009). Furthermore, systemic inflammation is correlated with future cognitive decline in AD (Holmes et al., 2009). Moreover FG can induce pro-inflammatory cytokine secretion from peripheral blood cells (Jensen et al., 2007). In addition, elevated plasma FG levels are a risk factor for AD and vascular dementia, (van Oijen et al., 2005; Xu et al., 2008), a proposed CFS biomarker for AD (Lee et al., 2007) and the development of cognitive impairment after stroke (Gillett et al., 2018).

Fibrinogen signals through an integrin class of receptor, Mac-1 (or αMβ2, CD11b/CD18), expressed by microglia and macrophages (Adams et al., 2007) which is upregulated in AD brain (Akiyama and McGeer, 1990). This signaling stimulates the secretion of pro-inflammatory cytokines and chemokines (Smiley et al., 2001; Piers et al., 2011). Thus, it seems plausible that FG-induced deficits in neuronal viability are due to aberrant inflammatory signaling. Historically, investigations into chronic, aberrant neuronal loss have focussed on classic apoptotic pathways centered on mitochondrial signaling. However, an endoplasmic reticulum (ER) centered hypothesis for the neuronal death occurring in neurodegenerative diseases has also been proposed (Lindholm et al., 2006). ER stress is a well-characterized cellular phenomenon, whereby an accumulation of misfolded proteins and calcium dys-homeostasis lead to disturbances in the structure and function of the ER (Gerakis and Hetz, 2018). Under normal circumstances, highly conserved unfolded protein response (UPR) adaptive mechanisms rebalance cellular homeostasis. However, if the accumulation of misfolded proteins is prolonged, as observed in AD models (Nakagawa et al., 2000), apoptotic cell signaling cascades are induced, leading to significant cytotoxicity (Nakagawa et al., 2000; Gerakis and Hetz, 2018; Morris et al., 2018). Interestingly, increased pro-inflammatory cytokine release, specifically tumor necrosis factor-α (TNFα) and interleukin-6 (IL-6), can induce ER stress signaling in fibroblast cell lines and in vivo (Xue et al., 2005; Denis et al., 2010; O’Neill et al., 2013). Conversely, ER stress can also mediate upregulation of pro-inflammatory cytokines (Chen et al., 2013), suggesting the possibility of a self-perpetuating mechanism of detrimental signaling in neurodegenerative diseases centered on ER stress and aberrant, or chronic, inflammatory signaling. With this in mind, we aimed to identify if exposure to FG modulated inflammatory signaling and subsequent neuronal toxicity in a well-characterized in vitro neuronal cell culture model, which can be pharmacologically manipulated to eliminate the presence of microglia (Piers et al., 2011; Jebelli et al., 2015). Here, we identify for the first time, a FG-induced increase in neurotoxicity via a non-cell autonomous mechanism involving a microglial TNFα-mediated induction of neuronal ER stress signaling.



MATERIALS AND METHODS

Materials

Fibrinogen, lipopolysaccharide from Escherichia coli (055:B5; LPS), tunicamycin, thapsigargin, leucine-methyl-ester (LME), staurosporine, hirudin, and Isolectin B4 from Griffonia simplicifolia-FITC conjugated were from Sigma (Dorset, United Kingdom) and thalidomide was from Tocris Bioscience (Bristol, United Kingdom). Quantikine M TNFα. TGF-β and IL-6 ELISA kits, z-VAD-FMK and z-ATAD-FMK were from R&D Systems (Abingdon, United Kingdom). Caspase 12 (FITC-ATAD-FMK) activity kits were from Promokine (Heidelberg, Germany) and caspase 3/7 (FAM-DEVD-FMK) activity kits were from Millipore (Watford, United Kingdom). Anti-ED1, anti-CD11b and rat IgG isotype controls were from AbD Serotec (Kidlington, United Kingdom), anti-caspase 12 and goat anti-rat-FITC were from Abcam (Cambridge, United Kingdom). Goat anti-rabbit IgG horseradish peroxidase (HRP) and goat anti-mouse IgG HRP were from Autogen Bioclear (Calne, United Kingdom).

Methods

BV2 Microglial Cell Line Culture

BV2 microglia were maintained in DMEM with 10% foetal bovine serum (FBS), supplemented with 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin at 37°C in a humidified atmosphere with 5% CO2. Prior to experimentation, BV2 microglia were harvested and plated in serum-free DMEM.

Preparation of Enriched Neuronal-Glial Cultures (ENGC)

Primary cultures of enriched neuronal-glial cerebellar cultures were isolated from 3 to 6 day-old Sprague Dawley rat pups and prepared as described previously (Piers et al., 2011) in accordance with the United Kingdom Animals (Scientific Procedures) Act, 1986. Cells were plated on 13 mm poly-D-lysine (PDL) coated glass coverslips at a density of 8 × 105 per coverslip and maintained in ENGC medium (Neurobasal medium with 2% B27 neuronal supplement, 20 mM KCl, 6 g/l D-Glucose, 2 mM L-Glutamine, 50 U/ml penicillin, and 50 μg/ml streptomycin). After 36 h in vitro, cytosine furanoarabinoside (10 μM) was added to prevent proliferation of non-neuronal cells. The cultures were maintained at 37°C in 5% CO2 and used at 7 DIV.

Microglial Ablation From ENGCs

Microglia present in the ENGCs were depleted with 25 mM leucine-methyl-ester (LME), as previously described (Jebelli et al., 2015).

Preparation of Primary Cultured Microglia

Microglia were isolated from 5-day-old Sprague Dawley rat pups, as previously described (Piers et al., 2011) in accordance with the United Kingdom Animals (Scientific Procedures) Act, 1986. Cells were plated at a density of 5 × 104/well on 13 mm coverslips or 1 × 106/well in 60 mm culture dishes. After 24 h in vitro, the medium was replaced with serum-free ENGC medium and the cultures were left to rest for at least 3 h prior to stimulation.

Fibrinogen Preparation

Fibrinogen was prepared in ultrapure, endotoxin-free water at 1000 × final concentration and sonicated prior to addition to cell cultures. The final concentrations used are in line with those previously used in vitro (Schachtrup et al., 2010).

Microarray Analyses

Extracted RNA from control and FG-treated BV2 cultures (miRNeasy; Qiagen) was sent to AROS Applied Biotechnology (Denmark) for microarray analysis using a MouseRef-8 v2.0 Expression Array (Illumina). Experimental procedures (cDNA labeling and hybridization) were performed according to manufacturer’s instructions. Bead Arrays were scanned using the Illumina Bead Station 500X, and raw intensity values were saved in Illumina’s Bead Studio program manager. For array hybridization, all samples were distributed among different arrays to minimize batch effect. Analysis was performed using Partek Genomics Suite 6.6 (Partek, Inc., St. Louis, MO, United States) and Lumi R package (Bioconductor, Du et al., 2008). Raw expression data were log2 transformed, and all samples were quantile normalized. QC plots before and after normalization were generated for data quality analysis. Individual probes were excluded from analysis if the detection p-value was >0.05 in more than 2 out of the 3 repeats for any condition. Samples were also excluded if <95% of the probes were detected (all samples met this quality control criterion). A conservative statistical threshold of FDR <0.05 and minimum fold difference ≥1.5 between sample groups was used in all comparisons and to generate gene lists.

Assessment of Cell Death

Live ENGCs were incubated with propidium iodide (PI; 5 μg/ml) and Hoechst 33342 (5 μg/ml). Using Image J analysis software (NIH, United States), dead cells (PI +) were quantified as a percentage of total cell number, the latter obtained by Hoechst 33342 staining. A minimum of 3 fields per coverslip were counted, and at least 3 coverslips were assessed for each variable per experiment in at least 3 separate experiments as previously described (Piers et al., 2011).

Immunocytochemistry

Cultures were fixed in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) then permeabilised in 100% methanol. Cells were blocked with PBS containing 4% normal goat serum and then incubated with primary antibodies overnight at 4°C (1:100 anti-ED1, 1:100 anti-CD11b, or anti-rat IgG isotype control). After washing, cells were incubated with goat anti-rat FITC (1:100) in PBS. For microglia identification, FITC conjugated lectin (IB4) (Streit, 1990) was administered at the same time as the secondary antibodies. Cultures were washed and incubated with DAPI solution prior to mounting with Vectashield (Vector Labs Inc, Burlingame, CA, United States).

Assessment of Caspase 12 or Caspase 3/7 Induction

ENGCs were assessed for the induction of caspase-12 and caspase-3/7 after treatment as per the manufacturer’s instructions. After treatment, coverslips were removed and mounted into a basic medium consisting of 153 mM NaCl, 3.5 mM KCl, 0.4 mM KH2PO4, 20 mM N-Tris (hydroxymethyl)methyl-2-aminoethanesulphonic acid (TES), 5 mM NaHCO3, 1.2 mM Na2SO4, 1.2 mM MgCl2, 1.3 mM CaCl2, 5 mM glucose, warmed to 37°C and observed immediately using fluorescence microscopy (Zeiss, Oberkochen, Germany). Cultures were counterstained with Hoechst for total cell number and PI for total cell death using automatic exposure settings. A minimum of 3 fields per coverslip was counted, and at least 4 coverslips were assessed for each treatment per experiment. Manual exposure settings were optimized against a positive control then fixed for entire experiments. Analysis was performed using Image J software (NIH, United States).

Western Blotting

Soluble protein lysates were resolved by SDS-PAGE electrophoresis and transferred to PVDF membranes using standard techniques. The following antibodies were used: anti-caspase 12 (Abcam; 1:1000), anti-β-actin (Sigma; 1:10,000). Immunoreactive bands were imaged and optical densities were quantified using ImageJ software (NIH, United States) and normalized to β-actin protein levels.

ELISA Determination of TNFα, TGF-β1 and IL-6

Quantification of secreted inflammatory cytokines TNFα, IL-6 and TGF-β1 in microglial and ENGC culture supernatants was determined with Quantikine M Rat Immunoassay kits according to the manufacturer’s instructions. Briefly, microglial-conditioned medium or ENGC-conditioned medium (MGCM or ENGC-CM, respectively) was centrifuged at 4500 × g for 1 min to remove any floating cells and assayed essentially as previously described (Taylor et al., 2005). Cytokine concentrations were determined against a standard concentration curve.

Cytokine Arrays and Pro-inflammatory Cytokine Panel

MGCM was collected as above for cytokine analysis, supernatants pooled from 3 independent experiments and incubated with Proteome ProfilerTM Rat Cytokine array membranes (R&D systems Panel A) as per the manufacturer’s instructions. Data were analyzed using the Protein Array Analyser Palette plugin (ImageJ), and plotted, as a mean ± SEM after normalizing to membrane reference positive controls and intracellular protein concentrations.

Statistical Analysis

All Western blots and PCR analyses were carried out at least three times and those shown are representative. All experiments were performed from at least three separate cell preparations with internal replicates of at least 3 per experiment. Significant differences were estimated using Welch’s two-sided t-test or Student’s un-paired t-test with levels of significance at ∗∗∗p < 0.001, ∗∗p < 0.01, and ∗p < 0.05; p > 0.05 was not significant.



RESULTS

FG Exposure Enhances Inflammatory Gene Expression and Release of Pro-inflammatory Cytokines

To extend previous findings that FG can induce an inflammatory microglial phenotype, we performed, in parallel, genetic microarray analysis of the well-characterized BV2 mouse microglia cell line, and pro-inflammatory cytokine release from primary rat microglia cultures and enriched neuronal glial cultures (ENGCs). Microarray analysis of BV2 cultures after 6 h of FG exposure identified a significant over-representation, amongst others, of immune system and inflammatory gene upregulation, including tnf, which encodes TNFα (Figure 1A and Table 1). These findings were supported by cytokine release data from rat microglia cultures where primary microglia exposed to FG or lipopolysaccharide (LPS; as a positive control) for 24 h showed significant TNFα secretion (Figure 1B). A number of cytokines and chemokines, many of which are regarded as inflammatory (Owen et al., 2011), were secreted to significance by FG (Figure 1B) including TNFα, MMP-2, IL-6, CXCL2, and CCL2. Whilst many mirrored the release evoked with LPS, Fibulin-3 was secreted by FG stimulation only, whereas IL-1β or IL-1α secretion was observed after LPS treatment, but was absent in FG-treated cultures indicating that FG stimulation of microglia is nuanced compared with LPS stimulation.
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FIGURE 1. FG induces early upregulation of inflammatory related genes and release of inflammatory cytokines. (A) Gene microarray performed on the BV2 microglial cell line after Fibrinogen (2.5 mg/ml) exposure for 6 h compared with non-stimulated (Control) BV2 cells at 6 h. (B) Proteome array performed on primary microglia following 24 h of stimulation with lipopolysaccharide (LPS, 1 μg/ml), Fibrinogen (FG, 2.5 mg/ml) or non-stimulated cells (Control). (C) TNFα secretion in cell culture medium by ELISA following treatment of primary microglia for 24 h with LPS (1 μg/ml), FG (2.5 mg/ml) or non-stimulated (Ctrl) ± MAC-1 receptor blocking antibody ( + CD11b, 10 μg/ml) or rat IgG as isotype control ( + IgG, 10 μg/ml). (D) ENGCs treated for 24 h with LPS (1 μg/ml), FG (0.1–2.5 mg/ml) or non-stimulated (Ctrl), and where indicated, pre-treated with 25 mM leucine-methyl-ester ( + LME) for microglia ablation, followed by ELISA analysis of TNFα secretion in culture medium. (E) ENGCs treated as (D) followed by ELISA analysis of IL-6 secretion in culture medium. (F) ENGCs treated as (D) followed by ELISA analysis of TGFβ secretion in culture medium. In all graphs, data are the mean ± SEM from 3 independent experiments with internal replicates of at least 3. Significance levels compared with control condition unless otherwise indicated, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.



TABLE 1. PANTHER over-representation analysis of fibrinogen regulated genes.
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In support of previously published data identifying microglial CD11b as a putative receptor for FG (Adams et al., 2007), pre-incubation of primary microglial cultures with a CD11b blocking antibody significantly attenuated the FG-induced TNFα release, but had no effect on LPS-induced secretion (Figure 1C). Given the perceived importance of microglia in mediating the inflammatory effects of FG, and the potential for this inflammation to impact on neuronal integrity, we determined if the microglia present in ENGCs responded in a similar way to isolated primary microglia. The ability to specifically ablate microglia from the ENGCs (Jebelli et al., 2015) allows us to determine any particular dependencies on these cells. In accord with the data for proteome analysis for release of cytokines from primary cultured microglia, exposure of ENGCs to either FG or LPS significantly enhanced the release of TNFα (Figure 1D) and another pro-inflammatory cytokine, interleukin-6 (IL-6; Figure 1E), in a manner similar to that observed in primary microglia cultures. Critically, when microglia were ablated from ENGCs, the LPS- or FG-induced TNFα release (Figure 1C) and IL-6 release (Figure 1D) were significantly attenuated. Further characterization of cytokine release in the ENGCs revealed that transforming growth factor-β1 (TGF-β1) secretion, a cytokine known to have opposing cellular effects to TNFα (Bitzer et al., 2000), was not significantly modulated by either LPS or FG exposure, irrespective of the presence of microglia (Figure 1E), this is possibly due to the dominating expression of this cytokine by the astrocyte population present in the ENGCs (De Groot et al., 1999). Taken together, these data suggest that FG exposure skews microglia toward a pro-inflammatory phenotype.

FG Induced a Reactive Microglial Phenotype

Confirmation of a FG-mediated induction of a reactive microglial phenotype, as previously indicated (Adams et al., 2007; Piers et al., 2011) was performed by immunocytochemical analysis of characterized activated microglial markers. Control, unstimulated, primary microglial cultures expressed low levels of the activated microglial marker ED-1 (Figure 2Ai), and > 95% of cells stained positive for IB4 (Supplementary Figure S1), suggesting highly purified cultures, in a down-regulated state. In support of FG-mediated activation, ED1 protein expression was significantly enhanced when compared with non-treated control cultures (Figure 2Aii). Furthermore, FG treatment significantly increased the surface expression of its putative receptor, CD11b (Figures 2Bi,ii), induction of which has previously been associated with a phagocytic microglial phenotype (Adams et al., 2007). These findings provide further support for a shift in microglial activation when the cells are exposed to FG, although interestingly whilst LPS evoked inducible nitric oxide synthase (iNOS) expression in the microglia, FG did not, suggesting a further divergence in activation profiles (Figure 2Aiii).
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FIGURE 2. FG induces microglial reactivity. (A) Control primary rat microglia (Ctrl) or microglia exposed to FG (2.5 mg/ml) or LPS (1 μg/ml) for 24 h followed by immunocytochemistry for ED1 and iNOS (Scale bar: 30 μm; Ai), and nuclear co-staining with DAPI (blue), quantified as a % percentage of cells expressing ED1 (Aii), or iNOS (Aiii). (B) Immunofluorescence of surface CD11b staining in primary microglial cultures following 24 h of FG treatment (Scale bar: 60 μm; Bi) and nuclear co-staining with DAPI (blue), quantified as a % percentage of CD11b + cells, compared with control (Bii). Data represent the mean ± SEM of 5 defined fields from at least three independent experiments. Significance levels are ∗∗∗p < 0.001, ∗∗p < 0.01 compared with relevant control.



FG-Mediated Neurotoxicity Is Dependent on Secreted Microglial Factors

Whilst it is clear that FG exposure can induce a pro-inflammatory microglial phenotype, it is unclear whether this induced phenotype would have an effect on neuronal viability. To study this, we exposed ENGCs to FG and performed live cell staining with Hoescht/propidium iodide (PI) for total/dead cell analysis, respectively. After 24 h of exposure to FG, the number of PI-positive cells increased significantly when compared with non-treated controls (Figures 3Ai,Aii), which did not increase further after 48 h of exposure (Figure 3Aii). The cleavage of fibrinogen to fibrin by thrombin is a well-defined mechanism in the coagulation cascade (Binnie and Lord, 1993), and thrombin transcripts are present in these cultures when exposed to FG for 48 h (Supplementary Figure S2). Therefore, it was possible that the observed toxicity was due to cleavage of soluble fibrinogen to insoluble fibrin deposits. To clarify this, cultures were co-treated with FG and the thrombin inhibitor hirudin for 24 h. The percentage of PI-positive cells in the FG + hirudin-treated cultures was not significantly different from cultures treated with FG alone (Figure 3B) suggesting soluble FG rather than cleaved fibrin is the cause of the observed reduced neuronal viability. Death was not due to endotoxin contamination of FG since polymyxin B (PMX) treatment to remove endotoxin did not ablate FG-induced death but did ablate LPS induced death (Supplementary Figure S3).
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FIGURE 3. FG-mediated neurotoxicity is dependent on secreted microglial factors. (A) Live cell staining with propidium iodide (PI) of ENGCs for analysis of cellular death after FG treatment for 24–48 h (Scale bar: 15 μm; Ai), quantified as a percentage of PI + cells in the population (Aii). (B) Quantification of cell death in ENGCs after treatment with 2.5 mg/ml FG for 24 h + /– hirudin (40 U/ml). (C) Analysis of caspase 3/7 activity by FAM-DEVD-FMK live cell staining in ENGCs following exposure to FG (2.5 mg/ml) or staurosporine (STS, 0.5 μM; Scale bar: 20 μm) for 24 h, Ci. Data were quantified and presented as arbitrary fluorescence units (AFU)/cell/field of view; Cii). Confirmation of the presence of microglia in ENGCs with IB4 cell staining (Ciii). All cellular populations were counterstained with Hoechst 33342 (blue). (D) Assessment of ENGC death by PI live cell staining after treatment with FG (2.5 mg/ml) or LPS (1 μg/ml) for 24 h before and after microglial ablation ( + LME). (E) Analysis of ENGC death by PI live cell staining after exposure to microglial conditioned medium (MGCM) collected from cultures treated for 24 h with FG (0.1–2.5 mg/ml) or untreated (Ctrl). Some MGCM samples from FG treated cultures were boiled to inactivate prior to addition. (F) Analysis of ENGC death by PI live cell staining after exposure to MGCM collected from cultures treated for 24 h with FG (2.5 mg/ml) + /– z-VAD-FMK, or untreated (Ctrl). In all graphs, data are the mean ± SEM from at least three independent experiments with internal replicates of at least 3. Significance levels are compared with control condition in each graph unless otherwise indicated, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.



To further characterize the death-signaling pathways induced in the ENGCs by FG exposure, live cell staining for the apoptotic executioner caspase-3/7 was performed, using the fluorescent substrate FAM-DEVD-FMK (Darzynkiewicz et al., 2002). Following 24 h exposure to FG, a significant increase in caspase-3/7 activity was observed, when compared with non-treated control cultures (Figures 3Ci,Cii). Interestingly the most pronounced staining seemed to correlate with cells with large, rounded cytoplasmic morphology, uncharacteristic of neuronal anatomy (white arrow heads, Figure 3Ci), and unlike the prominent staining observed after staurosporine (STS; positive control for the induction of apoptosis) exposure (Figures 3Ci,Cii). These cells fit the description of microglia that we know are present in the ENGCs as confirmed with IB4 staining and previously published literature (Figure 3Ciii; Piers et al., 2011; Jebelli et al., 2015). Furthermore, previous studies have suggested that microglial activation is dependent on non-apoptotic caspase-3 activity (Shen et al., 2017). Therefore, we wanted to identify whether microglial caspase-3 activity was important in the observed reduction in neuronal viability. Initially, we performed microglial ablation on ENGCs and found that removal of microglia from the cultures significantly attenuated the observed FG-mediated neuronal death (Figure 3D). Interestingly, LPS mediated neuronal death was not significantly different from control levels, suggesting that whilst the ability of FG and LPS to modulate microglial reactivity is similar in terms of cytokine release, the underlying mechanisms of any subsequent neuronal insults differ (Figure 3D).

Further support for the involvement of microglia in FG-mediated neuronal death, specifically, the secreted factors from microglia, was identified by exposing microglia-depleted ENGCs to conditioned medium from primary microglia cultures (MGCM) exposed to FG (Figure 3E). We observed a significant increase in neuronal death when ENGCs were exposed to MGCM from FG-treated microglial cultures when compared to the addition of control MGCM, which could be attenuated by boiling the MGCM prior to its addition to the ENGCs (Figure 3E). Carry-over of FG in MGCM to exert a direct effect is also unlikely since negligible FG was detected in FG-MGCM (Supplementary Figure S4). Finally, we found it was possible to attenuate the effect of MGCM from FG-treated microglia cultures on ENGCs by pre-incubating the microglia cultures with the caspase-3/7 inhibitor z-VAD-FMK (Figure 3F). MG exposed to FG, or LPS, showed caspase-3 activation but no pyknotic nuclei suggesting non-apoptotic activation of caspase-3 (Supplementary Figure S6). Taken together, these data strongly support a microglial-mediated mechanism for the observed increase in FG-induced neurotoxicity, centered on the release of soluble factors, and suggests a possible role for non-apoptotic activation of caspase-3 in microglia within this mechanism, as our previous investigations found no significant increase in PI-positive (i.e., dead cells) nuclei in primary microglial cultures exposed to FG (Piers et al., 2011).

FG Induces ER Stress-Associated Neuronal Death via Microglial TNFα Release

Based on our microarray and cytokine release data, one candidate for a soluble released factor from microglia that may enhance neurotoxicity is TNFα. Studies suggest inflammatory cytokines including TNFα can induce ER stress signaling (Xue et al., 2005; Denis et al., 2010; O’Neill et al., 2013; Dandekar et al., 2015). Cleavage of the ER-located caspase-12 during ER stress triggers downstream apoptotic pathways and is implicated in neurodegenerative disease models associated with BBB dysfunction (Nakagawa et al., 2000). Therefore, we investigated a possible role for TNFα in an ER stress associated mechanism of neurotoxicity. Initially, we found that exposure of ENGCs to FG induced an increase in activated caspase-12 expression as measured by western blotting for the cleaved form of the protein (Figures 4Ai,Aii,Aiii), to levels comparable with the known ER stress inducers, thapsigargin (a specific inhibitor of the sarco-ER calcium-ATPase, SERCA), or tunicamycin (a blocker of protein glycosylation; Nair et al., 2007; Tu). In support of these findings, live cell staining experiments of ENGCs after FG treatment identified significant increases in caspase-12 activity, comparable with levels observed after thapsigargin treatment (Figures 4Bi,Bii). Furthermore, inhibition of caspase-3/7 with z-VAD-FMK, or specific inhibition of TNFα synthesis by thalidomide treatment, was sufficient to attenuate the increased levels of caspase-12 expression (Figures 4Bi,Bii), supporting the hypothesis that a released factor involved in the induction of neurotoxic ER stress signaling was TNFα. In confirmation of ER stress activation, we found CHOP transcripts were also significantly enhanced in microglia exposed to FG (2.5 mg/ml) or LPS (1 μg/ml) for 24 h or Thapsigargin (2μM, as a positive activator of ER stress) (Supplementary Figure S5).
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FIGURE 4. FG inducesneuronal ER stress signaling via microglial TNFα release. (A) Expression of pro-caspase 12 (55 kDa) and cleaved active caspase 12 (36 kDa) in ENGCs from control cultures (Ctrl), or cultures treated with FG (2.5 mg/ml), thapsigargin (Th, 2 μM), or tunicamycin (Tu, 1 μg/ml) for 24 h as shown in the representative blot (Ai), and quantified by densitometry of cleaved caspase-12 relative to β-Actin levels (Aiii). Aii represents a blot showing time course of expression of cleaved caspase-12 in ENGCs treated with FG (2.5 mg/ml) over time (h). (B) Analysis of caspase-12 activity by FITC-ATAD-FMK live cell staining in ENGCs following exposure to FG + /- thalidomide (Thal; 40 μM) or z-VAD-FMK (z-VAD; 1 μg/ml), or thapsigargin (Th, 2 μM) for 24 h. (Bi), Scale bar: 20 μm. Data were quantified and presented as arbitrary fluorescence units (AFU)/cell/field of view; Bii). (C) Analysis of death in ENGCs by PI live cell staining after exposure to microglial conditioned medium (MGCM) collected from cultures treated FG (2.5 mg/ml) or untreated (Ctrl) + /- direct administration of the caspase-12 specific inhibitor z-ATAD-FMK. Th, thapsigargin, 2 μM, Tu, Tunicamycin, 1 μg/ml Staurosporine (STS; 0.5 μM) was used as a positive control for neuronal death. (D) Western blot of cleaved caspase-12 in ENGCs following expose to Thapsigargin (Th, 2 μM) or FG (2.5 mg/ml) in the presence of z-VAD-FMK (1μg/ml) showing inhibition of caspase-12 cleavage (arrow). (E) Quantification of the relative active caspase-12 fluorescence intensity/cell in ENGC cultures after treatment with Th (2 μM), Tu (1 μg/ml), FG (2.5 mg/ml), or LPS (1 μg/ml) for 24 h, + /- LME pre-treatment for the depletion of microglia (LME). Data are presented in arbitrary fluorescent units (AFU)/cell/field of view). (F) ELISA of TNFα secretion from primary microglial cultures following treatment for 24 h with FG (2.5 mg/ml, or LPS (1 μg/ml), co-treated with thalidomide (Thal; 10 μg/ml). In all graphs, data are the mean ± SEM from at least three independent experiments encompassing 5 separate fields of view or from samples from at least three independent experiments. Significance levels are compared with control condition in each graph unless otherwise indicated, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.



In support of the critical induction of these signaling cascades in the observed FG-mediated neurotoxicity, MGCM from cultures exposed to FG were unable to induce significant neuronal toxicity in ENGCs pre-treated with the caspase-12 specific inhibitor z-ATAD-FMK (Figure 4C). Inhibition of caspase-3/7 also reduced caspase-12 cleavage in ENGCs, suggestive of an upstream mechanism involving microglial activation (Figure 4D). Concomitantly, removal of microglia from ENGCs prevent FG-mediated induction of caspase-12, further supporting a non-cell autonomous mechanism (Figure 4E). Moreover, thalidomide significantly reduced TNFα secretion from microglia treated with FG (Figure 4F). Together, these findings suggest a signaling cascade initiated by FG-mediated microglial activation leading to a non-cell autonomous neurotoxicity via released TNFα and subsequent induction of neuronal ER stress signaling.



DISCUSSION

After confirming an immune/inflammatory consequence in microglia after exposure to FG, both through microarray analysis of a microglial cell line and proteome analysis of secreted cytokines in primary cultures, we identified a non-cell autonomous signaling cascade capable of inducing neurotoxicity through a mechanism that depended on microglial-released TNFα and neuronal ER stress. Importantly we were able to pharmacologically inhibit the FG-induced neurotoxicity either by targeting TNFα transcription with the putative inhibitor, thalidomide, or by blocking neuronal caspase-12 activity with the specific inhibitory peptide z-ATAD-FMK. It cannot be discounted that thalidomide may also block transcription of other inflammatory mediators such as IL-6 or that other factors play a role in death cascades induced by FG. For example we show also that IL-6 is secreted by microglia in response to FG. However, thalidomide has been shown to selectively inhibit TNFα secretion from immune cells (Sampaio et al., 1991) strongly suggesting TNFα plays a pivotal role in the inflammatory-linked neurotoxicity observed here. Linkage between increased pro-inflammatory cytokine release, particularly TNFα and IL-6, and the induction of ER stress signaling is supported by others (Xue et al., 2005; Denis et al., 2010; Lourenco et al., 2013; O’Neill et al., 2013). Interestingly elevated systemic fibrinogen, TNFα and IL-6 in mid-life have also been linked with brain shrinkage, cognitive decline, and AD in later life (Marsland et al., 2008; Holmes et al., 2009). Furthermore, ER stress can mediate upregulation of pro-inflammatory cytokines (Chen et al., 2013; Morris et al., 2018) and neuronal ER stress has been linked to inflammation and AD pathology (Salminen et al., 2009). Whilst in rodents, activation of caspase 12 leads to ER stress, in humans, the gene may produce a truncated non-functional protein; caspase 4 in humans is regarded as the homolog for caspase 12 in rodents (Gao and Wells, 2013). Human cell lines have been shown to respond to AD-linked amyloid beta peptides, with ER stress induced caspase-4 activation similarly to the activation of ER stress and subsequent caspase-12 by AD-linked amyloid beta peptides in rodents (Nakagawa et al., 2000). Thus future work on human microglia should take into consideration the role of both caspase 4 (Hitomi et al., 2004) and caspase 12 in fibrinogen-induced activation of microglia.

Taken together our present findings are the first to directly link FG induced release of TNFα to an induction of neuronal ER stress. The current neurotoxicity results are unlikely to be due to a direct FG crossover in the MGCM because blotting of the conditioned medium for FG revealed extremely low levels of the protein, below the effective concentration.

It is of course highly likely that other unidentified factors contribute to the mechanism. Previously we identified that TNFα-induced neuronal death cascades required a cofactor (Taylor et al., 2005), and indeed, Denis et al. (2010) found TNFα alone was unable to induce a full ER stress response. Interestingly, however, TNF inhibitors have been recently proposed as a repurposed therapy for dementias such as AD (Mason et al., 2018). Furthermore, as mentioned above, IL-6 was also secreted in response to FG and elevation of this cytokine has been implicated in a number of neurodegenerative diseases including AD (Rothaug et al., 2016). Increasing evidence links changes in brain parenchymal and plasma levels of fibrinogen with microglial and inflammatory responses in a number of neurodegenerative diseases including multiple sclerosis (Adams et al., 2007; Ryu and McLarnon, 2009; Acuňa et al., 2017) and Alzheimer’s disease (Cortes-Canteli et al., 2012) and following stroke (Luan et al., 2017). Here we present new evidence of a pathway activated in microglia by fibrinogen which has ramifications for neuronal survival and which has not yet been observed in these conditions.



CONCLUSION

Our findings suggest a FG-induced TNFα-non-cell autonomous microglial-neuronal ER stress mediated pathway with implications for early signaling cascades activated in inflammatory-mediated dementias such as AD.
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Addressing potential sex differences in pre-clinical studies is crucial for developing therapeutic interventions. Although sex differences have been reported in epidemiological studies and from clinical experience, most pre-clinical studies of neuroinflammation use male rodents; however, sexual dimorphisms in microglia might affect the CNS inflammatory response. Developmental changes are also important and, in rodents, there is a critical period of sexual brain differentiation in the first 3 weeks after birth. We compared rat microglia from sex-segregated neonates (P1) and at about the time of weaning (P21). To study transitions from a basal homeostatic state (untreated), microglia were subjected to a pro-inflammatory (IFNγ + TNFα) or anti-inflammatory (IL-4) stimulus. Responses were compared by quantifying changes in nitric oxide production, migration, and expression of nearly 70 genes, including inflammatory mediators and receptors, inflammasome molecules, immune modulators, and genes that regulate microglial physiological functions. No sex differences were seen in transcriptional responses in either age group but the IL-4-evoked migration increase was larger in male cells at both ages. Protein changes for the hallmark molecules, NOS2, COX-2, PYK2 and CD206 correlated with mRNA changes. P1 and P21 microglia showed substantial differences, including expression of genes related to developmental roles. That is, P21 microglia had a more mature phenotype, with higher basal and stimulated levels of many inflammatory genes, while P1 cells had higher expression of phagocytosis-related molecules. Nevertheless, cells of both ages responded to IL-4 and IFNγ + TNFα. We examined the Kv1.3 potassium channel (a potential target for modulating neuroinflammation) and the Kir2.1 channel, which regulate several microglia functions. Kv1.3 mRNA (Kcna3) was higher at P21 under all conditions and male P21 cells had higher mRNA and Kv currents in response to IFNγ + TNFα. Overall, numerous transcriptional and functional responses of microglia changed during the first 3 weeks after birth but few sex-dependent changes were seen.

Keywords: microglial activation, brain development, IFNγ plus TNFα, transcription profiling, IL-4, sex, female, ion channels


INTRODUCTION

Increasingly, it is recognized that sex can profoundly influence both the susceptibility and response to disease (Ober et al., 2008; Regitz-Zagrosek, 2012). Consequently, funding and government agencies have begun to mandate that both females and males be used in pre-clinical and clinical studies. Concerns about sexual dimorphisms extend to the central nervous system (CNS), where disparities are seen in the prevalence, severity, and outcomes of several diseases and disorders (Bilbo, 2018). Innate and adaptive immune responses contribute to the pathogenesis and severity of many CNS disorders (Shabab et al., 2017; Skaper et al., 2018) and there is growing evidence for sex differences in inflammatory responses both peripherally and in the CNS (Hanamsagar and Bilbo, 2016; Klein and Flanagan, 2016).

Sex differences arise from both chromosomal and hormonal influences. Genes on the sex chromosomes play essential roles in sex differentiation of the CNS, especially the male-inducing SRY gene (Manoli and Tollkuhn, 2018). Also, the X chromosome has a disproportionately high number of immune-related genes (Bianchi et al., 2012). In females, Barr body formation silences alleles on the extra X chromosome to prevent gene over-expression (Berletch et al., 2011) but genes escaping this inactivation might also confer sex-dependent differences. Early developmental and hormonal changes can also contribute to sex differences in the brain. Male rodents experience a surge in testosterone shortly before birth, which dissipates within a few hours and then sex differences begin to emerge. The testosterone surge influences development of neural cells and plays important organizational roles in establishing sexual dimorphisms in neural circuitry, notably in areas responsible for sexually divergent behaviors (Clarkson and Herbison, 2016). CNS changes include a transient enlargement of the parietal cortex, hippocampus and amygdala in males, and a transient increase in the number of microglia in these regions (Schwarz et al., 2012). Not enough is known about whether there are sex differences in responses of individual CNS cell types. For instance, both genetic differences and early exposure to sex hormones have the potential to alter microglial responses to inflammatory stimuli, and it is possible that such changes are sustained after they are removed from the brain.

Microglia react to CNS damage by acquiring characteristics conducive to dealing with altered homeostasis (Colonna and Butovsky, 2017; Li and Barres, 2018). Responses include receptor-mediated signaling that can change their morphology, migratory and phagocytic capacities, proliferation, expression of intracellular enzymes and antigen-presenting surface receptors, and release of pro- and anti-inflammatory molecules into the extracellular environment (Kabba et al., 2018; Li and Barres, 2018). A pro-inflammatory phenotype can be induced in neonatal microglia using a combination of interferon-γ (IFNg) and tumor necrosis factor-α (TNFα) (IFNγ + TNFα; ‘I+T’) in vitro (Spanaus et al., 1998; Lam et al., 2017). As recently summarized (Lively and Schlichter, 2018), both cytokines are rapidly up-regulated after acute CNS damage and are especially relevant in the absence of pathogenic organisms. Isolated microglia can also be skewed to various anti-inflammatory states by interleukin (IL)-4, IL-10, transforming growth factor β1 (TGFβ1) or glucocorticoids, and then they release immune mediators that promote scavenging, inflammation resolution, and repair (Kabba et al., 2018).

Microglial responses are routinely studied in vitro but most often using cells isolated from neonatal pups. Based on intrinsic differences at the chromosome level and early developmental and hormonal changes, we compared neonatal (P1) and prepubertal (P21) rat microglia and asked whether they show sexually dimorphic responses to I+T and IL-4. These ages were chosen for several reasons. First, microglia have very different morphologies and functions at these times. At birth, microglia are amoeboid, with or without short processes; and they are highly migratory and phagocytic, actively engulfing apoptotic neurons (Colonna and Butovsky, 2017; Li and Barres, 2018). Second, by P20 (just before weaning), the rat cortex has reached 90% of its final weight, neurons have migrated to their appropriate positions, synaptogenesis and myelination are well underway, and intriguingly, the regenerative resiliency observed in younger animals is lost (Semple et al., 2013). Third, by P20, rodent microglia are more ramified, and the main homeostatic functions are surveillance, synaptic pruning, and promoting oligodendrocyte progenitor cell survival and differentiation (Colonna and Butovsky, 2017; Li and Barres, 2018).

To assess the initial state and stimulus-evoked responses, we quantified transcript expression of a wide range of inflammatory mediators, immune receptors and modulators; and molecules related to microglia physiological functions, including phagocytosis and production of reactive oxygen species. Although microglia of both sexes and ages showed many transcriptional changes in response to I+T and IL-4; no sex differences were apparent before or after stimulation. In the age comparison (P1 versus P21), we found substantial differences in gene expression, with or without inflammatory stimuli. Last, we examined expression of two K+ channels (Kv1.3/Kcna3, Kir2.1/Kcnj2) and the Kv and Kir currents (at P21), which are known to regulate some microglial functions that are important during the first 3 weeks after birth. The only sex difference was that the I+T-induced increase in Kv current in P21 microglia was higher in males. The only age difference was that Kcna3 expression was higher at P21 under all conditions. Overall, the results suggest that there are early developmental changes in microglia and their inflammatory responses that persist in vitro. However, if there are sex differences at these times, most were not manifest in isolated rat microglia.



MATERIALS AND METHODS

All procedures were performed in accordance with guidelines established by the Canadian Council on Animal Care; and were approved by the University Health Network Animal Care Committee (animal protocol #914).

Microglia Cultures and Treatments

Sprague-Dawley rats (Charles River; St Constant, QC, Canada) were disaggregated by sex on the basis of the presence of gonads (P21) or anogenital distance (P1; (Jackson, 1912). For P1 animals, tail snips were sent to Transnetyx, Inc. (Cordova, TN, United States)1 where they confirmed the sex using real-time PCR with rat-specific primers for the Sry gene: GGGACAACAACCTACACACTATCAT (forward primer), TGTCCACAGGCTGTAAATAAATGCT (reverse primer).

Cell Cultures

Neonatal microglia (P1) were isolated using the same procedures as in our recent papers (Lam et al., 2017; Lively and Schlichter, 2018). In our hands, these methods yield 98–100% microglial purity, as determined by labeling with tomato lectin or antibodies against Iba1 or CD11b (e.g., Siddiqui et al., 2012, 2016; Lively et al., 2018). For instance, we very recently stained for CD11b and DAPI, and showed essentially pure microglia in these cultures (Lively and Schlichter, 2018).

Prepubertal (P21) microglia were isolated after rats were deeply anesthetized using isoflurane and killed by decapitation. About 400 mg of brain tissue from one cortical hemisphere was dissociated using a Neural Tissue Dissociation Kit (Miltenyi #130-092-628). Myelin was removed with myelin-specific magnetic beads (Miltenyi #130-105-634), and the cell suspension was incubated with CD11b magnetic microbeads (Miltenyi #130-105-634) to capture microglia. Microglia were seeded in MEM with 10% FBS and incubated for 2–3 days, at which time most were unipolar.

Stimulation

We chose the cytokines, their concentrations and duration of treatment based on numerous studies from our laboratory (e.g., Lam et al., 2017; Lively and Schlichter, 2018) and others (Spanaus et al., 1998). The rationale for using I+T is detailed in our recent paper (Lively and Schlichter, 2018). In brief, both cytokines are rapidly elevated in numerous in vivo rodent models of CNS damage and disease (Benveniste and Benos, 1995; Barcia et al., 2011; Woodcock and Morganti-Kossmann, 2013). Moreover, our recent in vitro studies show that I+T evokes numerous transcriptional and functional changes that could have important consequences for microglial roles after CNS damage (Siddiqui et al., 2016). IL-4 is well known to exert anti-inflammatory actions on rodent microglia (Colton, 2009) and there is considerable information about the molecular and functional changes it evokes. For instance, the dose of IL-4 used here increases migration, invasion (Lively and Schlichter, 2013), and Kv1.3 channel expression and current (Lam et al., 2017).

In the present study, microglia were left untreated (control, CTL) or incubated with 20 ng/mL IFNγ plus 50 ng/mL TNFα (I+T) or with 20 ng/mL IL-4. Treatments were 24 h for mRNA, protein and functional analyses (nitric oxide [NO] production, migration), as before (Lam et al., 2017; Lively and Schlichter, 2018). A longer time (30 h) was used for patch-clamp analysis to allow for channel trafficking and potential post-translational modifications, as before (Lam et al., 2017; Lively et al., 2018).

Staining

Procedures were the same as in our recent papers (Lam et al., 2017; Lively and Schlichter, 2018). In brief, microglia on coverslips (8 × 104 cells/coverslip; 5–6 independent cultures used for each sex and age) were quickly washed in PBS, fixed in 4% paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, PA, United States; Cat# 15710), washed again in PBS, and then permeabilized with 0.2% Triton X-100. The F-actin label, Acti-stain 488 phalloidin (1:100 in PBS; Cytoskeleton Inc., RRID:SCR_013532; Cat# PHDG1-A) was added for 1 h, and then the nuclear dye, 4′,6-diamidino-2-phenylindole (DAPI; 1:3000 in PBS; Sigma-Aldrich; Cat# D9542) was added for 5 min. Coverslips were mounted on glass slides with DAKO mounting medium (Agilent-Dako, RRID:SCR_013530; Cat# S302380-2) and stored in the dark at 4°C. Images were acquired with a Zeiss 880 confocal microscope (model LSM880; Zeiss, Oberkochen, Germany) and Zen software (version 2.3 SPI; Zeiss, Toronto, ON, Canada).

Functional Assessment

Nitric Oxide Production

The colorimetric Griess assay was used to measure nitrite (Lam et al., 2017; Lively and Schlichter, 2018). Briefly, microglia (8 × 104 cells/coverslip; 17–19 independent cultures for each sex at P1; 9–13 independent cultures for each sex at P21) were incubated for 24 h with I+T or IL-4 (as above) and then aliquots of the supernatants were added to 96-well plates containing 1% sulfanilic acid (Sigma-Aldrich; Cat#86090). After adding 0.1% N-(1-naphthyl)ethylene diamine dihydrochloride (Sigma-Aldrich; Cat#222488), the plates were incubated for 30 min in the dark. The resulting color change (absorbance at 570 nm) was quantified using a plate counter (Victor3 1420, Perkin Elmer, Woodbridge, ON, Canada), and the nitrite concentration calculated by interpolation from a standard curve.

Migration

Microglia were seeded at 3 × 104 cells/filter in 500 μL MEM with 2% FBS onto Transwell inserts bearing 8 μm-diameter holes (VWR; Cat# CA 62406-198), as before (Lively and Schlichter, 2013; Lam et al., 2017; Lively and Schlichter, 2018). Independent cultures for each sex numbered 24 at P1 and 7–11 at P21. After the cells were incubated for 30 min (37°C, 5% CO2), 500 μL solution (MEM with 2% FBS) was added to the lower wells, and a stimulating cytokine was added (I+T or IL-4, as above). 24 h later, the cells were fixed in 4% PFA (10 min) and rinsed 3× with PBS. Cells that had not migrated were removed by swirling the upper face of the insert with a Q-tip. The migrated cells were stained with 0.3% crystal violet (1 min), viewed at 20× magnification with an Olympus CK2 inverted microscope (Olympus, Tokyo, Japan) and summed from 5 random fields/filter. Then, the counts were normalized to the unstimulated (control) group.

Transcription Analysis

Microglia (0.5–1 × 106cells/coverslip; 5–7 independent cell cultures for each sex and age) were plated in 12-well culture plates and left untreated or stimulated for 24 h with 20 ng/mL IFNγ + 50 ng/mL TNFα or 20 ng/mL IL-4, as above. The remaining methods were as before (Lam et al., 2017). In brief, total RNA was extracted (TRIzol reagent; ThermoFisher Scientific; Cat# 15596018) and RNeasy Mini Kits (QIAGEN, Mississauga, ON, Canada; Cat# 74104). The gene expression assay (NanoString nCounterTM technologies) was conducted at the Princess Margaret Genomics Centre (Toronto, ON, Canada)2 using 100 ng of extracted RNA from each sample. The code set, which was designed by NanoString, consists of capture and reporter probes (Supplementary Table 1). Raw data were analyzed (nSolverTM Analysis Software ver3.0; RRID:SCR_00342), the background was subtracted using negative reporter probes, and irrelevant control genes were added to assess hybridization efficiency, detection range, and to calculate a scaling factor that was applied to all mRNA counts in each sample. A reference gene scaling factor was calculated using 5 housekeeping genes: Gapdh (glyceraldehyde 3-phosphate dehydrogenase), Gusb (glucuronidase beta), Hprt1 (hypoxanthine phosphoribosyltransferase 1), Rpl32 (ribosomal protein L32), and Sdha (succinate dehydrogenase complex flavoprotein subunit A. For statistical analysis, the normalized data were log2-transformed. In the Figures, transcript expression data are shown as normalized mRNA counts/100 ng of total RNA. In Supplementary Tables, control data are also shown as normalized mRNA counts, and then treatment effects (I+T; IL-4) are highlighted by showing fold changes.

Western Blots

The methods for conducting and analyzing Western blots were essentially as before (Lam et al., 2017). Microglia were seeded (1–3 × 106 cells/well; 5–12 independent cell cultures for each sex and age), and then treated with I+T or IL-4, as above. Cells were harvested, lysed in ice-cold RIPA and a mammalian protease inhibitor cocktail (Sigma-Aldrich; Cat# P3840), and centrifuged to remove insoluble material. Protein concentrations were determined with a PierceTM BCA protein assay (ThermoFisher Scientific; Cat# 23225), and then proteins were denatured (100°C for 5 min in a dry-bath incubator) in NuPage LDS sample buffer (ThermoFisher Scientific; Cat# NP0007) containing 5% 2-β-mercaptoethanol. 8% acrylamide gels were loaded with 10 μg protein/lane, which were separated by SDS-PAGE and transferred to a PVDF membrane, and then blocked for 2–3 h in 5% non-fat dry milk in Tris-Tween buffered saline (TTBS).

Protein levels were measured for exemplary pro- (iNOS, PYK2, COX-2) and anti-inflammatory (CD206) markers, as before (Lively and Schlichter, 2018). Primary antibodies were diluted in TTBS with 1% BSA and applied overnight at 4°C. They were: mouse anti-iNOS (1:250; Abcam Cat# ab49999, RRID:AB_881438), rabbit anti-PYK2 (1:500; Abcam Cat# ab32571, RRID:AB_777566), rabbit anti-COX-2 (1:1000; Abcam Cat# ab15191, RRID:AB_2085144), and rabbit anti-CD206 (1:2000; Abcam, Cat# ab64693, RRID:AB_1523910). Horseradish peroxidase-labeled secondary antibodies in 1% BSA-TTBS were applied for 1 h (1:3000; Cedarlane, Burlington, ON, Canada, RRID:SCR_004462; anti-rabbit IgG: Cat# CLCC42007; anti-mouse IgG: Cat # CLCC30207), and after repeated washing, the membranes were treated with GE Healthcare ECL Start Western Blotting Detection Reagent (Sigma-Aldrich; Cat# GERPN3243). Protein band intensities were determined with a ChemiDoc XRS System (Bio-Rad).

Total protein normalization was used to compare changes using the Coomassie blue staining method (Welinder and Ekblad, 2011). We previously found that this method was preferable to a single reference protein (e.g., β actin) because such ‘housekeeping’ proteins can change with microglial activation states (Lam et al., 2017). A 0.1% solution of Coomassie Brilliant Blue G (Sigma-Aldrich; Cat# B8522) was applied (1 min), and then slides were de-stained (2 min) in acetic acid/methanol/water (1:5:4) and air-dried. Blots were imaged with a ChemiDocTM XRS System, and then analyzed using Image Lab (ver.5.2.1; RRID:SCR_014210) to identify gel lanes and bands of interest, and to subtract the background and determine signal intensities of identified bands. For each blot, the band of interest was normalized to total Coomassie-blue stained protein in that lane (as a loading control), and then fold-changes were calculated with respect to unstimulated (control) microglia. Uncropped images of representative blots are shown in Supplementary Figure 1.

Patch-Clamp Electrophysiology

Experiments were conducted on prepubertal microglia isolated at P21. Immediately after isolation, microglia were plated on glass coverslips (∼7 × 104 cells/coverslip) and then incubated in tissue culture medium, as above. Recording methods were as before (Lam et al., 2017; Lively et al., 2018). Coverslips were placed in a 300 μL perfusion chamber (Model RC-25, Warner Instruments, Hamden, CT, United States) containing bath solution (in mM): 125 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 5 D-glucose, adjusted to pH 7.4 and 290–300 mOsm. Whole-cell K+ currents were recorded at room temperature using fire-polished patch pipettes (4–8 MΩ resistance) and a pipette solution consisting of (in mM): 40 Cl, 100 KAsp, 1 MgCl2,10 HEPES, 2 MgATP; pH 7.2, 290–300 mOsm. Data were acquired with an Axopatch 200A amplifier and DigiDATA 1322A board (Molecular Devices, Sunnyvale, CA, United States); filtered at 5 Hz and analyzed using pCLAMP (ver10; RRID:SCR_011323). Series resistance and capacitance transients were compensated on-line, junction potentials were calculated with a utility in pCLAMP (and corrected in the figures), and the data were analyzed using Origin (ver 9.0; RRID:SCR_014212; Microcal, Northampton, MA, United States) and GraphPad Prism (ver6.0; RRID:SCR_002798; La Jolla, CA, United States).

Statistics

Data are expressed as mean ± SEM in bar graphs and mean ± SD in scatterplots and tables for the number of biological replicates indicated. Statistical analyses were conducted in GraphPad Prism. To identify expression changes induced by stimulation in either a sex- or age-dependent manner, log2-transformed counts obtained from NanoString (described above) were analyzed by two-way ANOVA with Fisher’s LSD test. The resulting p-value for each gene was then corrected for multiple comparisons using a 5% false discovery rate (FDR; Benjamini and Yekutieli, 2001) in the program R (version 3.3.1; RRID:SCR_001905). For all other data (i.e., NO production, migration, Western blotting and patch-clamp electrophysiology), data were analyzed by a two-way ANOVA followed by Tukey’s post hoc test. Differences were considered significant if p < 0.05.



RESULTS

Neonatal and Prepubertal Female and Male Microglia Respond to IFNγ + TNFα and IL-4

Microglia morphology was examined as an indicator of their general health and responsiveness to cytokines (Figure 1A). While staining fixed cells only shows a snapshot in time, unstimulated cells were predominantly unipolar with an F-actin-rich lamellum and a uropod, and occasionally more rounded with spiky processes. This is similar to our studies showing that unipolar microglia were highly migratory (e.g., Siddiqui et al., 2012; Lively and Schlichter, 2013, 2018; Siddiqui et al., 2014; Lam et al., 2017). Importantly, cells did not display apoptotic blebs, and the nuclear morphology was not pyknotic under any condition (age, sex, treatments). We did not conduct a detailed morphological analysis because they are highly malleable (live imaging); and we already know that their shape need not correlate with gene expression patterns. For instance, unstimulated, IL-4- and IL-10-treated rat microglia are morphologically similar but differ greatly in gene expression (Siddiqui et al., 2016; Lam et al., 2017). We then noted I+T-evoked shape changes simply as a means of verifying that microglia from both sexes and ages had responded, and observed that most rounded up and formed chain-like groupings. IL-4 did not greatly affect their shape. While the cell bodies might appear larger, visual inspection is not a reliable measure of surface area because retraction of processes, membrane ruffling and changes in cell height can occur without changing membrane area. As described in the section on K+ currents (below), cell capacitance is a better indicator of size changes; capacitance did not change after IL-4 (Lam et al., 2017). Prepubertal (P21) microglia had variable shapes, ranging from unipolar to flat and angular, and they responded to the cytokines in a similar manner to neonatal cells. Thus, instead of relying on morphology, we quantified two known correlates of their activation state, nitric oxide (NO) production and migratory capacity.
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FIGURE 1. Verifying that primary rat microglia responded to IFNγ + TNFα and to IL-4 at P1 and P21. Male and female neonatal (P1) and prepubertal (P21) microglia were sex-segregated (see Materials and Methods). (A) Representative fluorescence images of primary rat microglia (unstimulated, CTL) and 24 h after treatment with I+T or IL-4. Microglia were fixed and stained for F actin (phalloidin; green) and nuclei (DAPI; blue). Scale bar, 50 μm. (B) Cumulative NO production for the 24 h period after stimulation. Each circle represents an individual culture (closed, male; open, female). (C) The activation state differently affects migration of microglia at P1 and P21. All graphical results are expressed as fold changes normalized to unstimulated cells, which are indicated by dashed lines. Individual values are plotted, mean ± SD indicated, and differences shown are with respect to control microglia (∗) and between sexes (†). One symbol of either type indicates p < 0.05; two symbols, p < 0.01; three symbols, p < 0.001; four symbols, p < 0.0001.



Increased NO production (due to up-regulation of Nos2 mRNA and iNOS protein) is commonly used to indicate a pro-inflammatory microglial activation state. Initial evidence that unstimulated microglia were not ‘activated’ is that NO production (monitored as nitrite accumulation in the culture medium) was low and similar regardless of sex or age. Nitrite concentrations in the medium were 2.00 μM ± 0.41 (SD; n = 19) for P1 males; 2.15 ± 0.42 (n = 17) for P1 females; 2.31 ± 0.43 (n = 10) for P21 males; and 2.33 ± 0.49 (n = 13) for P21 females. There were no statistical differences (two-way ANOVA with Tukey’s test). These data are also consistent with our earlier studies showing low NO production by combined-sex neonatal microglia (e.g., Sivagnanam et al., 2010; Lam et al., 2017; Lively and Schlichter, 2018). Further evidence that unstimulated microglia were not activated is presented in the sections on transcriptional responses, below.

A 24-h treatment with I+T increased NO production in both sexes and at both ages. For P1 cells, I+T evoked about a 4-fold increase in NO production: 3.8 ± 1.2 fold in males (n = 19 individual cultures) and 4.1 ± 2.2 fold in females (n = 17) (Figure 1B). At P21, the increase was somewhat smaller: 2.4 ± 1.0 fold in both sexes (n = 10–13). As expected, IL-4 had no effect on NO production. These results extend our recent studies using neonatal rat microglia of combined sexes (Lam et al., 2017; Lively and Schlichter, 2018). For unstimulated P1 microglia, migration was 50% higher in males (30 ± 23 cells/5 fields of view; mean ± SD, n = 19) than in females (20 ± 9, n = 17) but the variability was too large in males to confirm a statistically significant difference. There were some sex and age differences. At P1, migration was decreased by I+T and increased by IL-4 in both sexes but male IL-4-treated cells migrated 44% more than female cells (Figure 1C). For unstimulated P21 cells, migration was comparable in males (41 ± 27 cells/5-fields of view, n = 7) and females (47 ± 21, n = 10) but I+T did not reduce migration. At P21, the sex dimorphism was preserved, with IL-4 increasing migration of male cells 29% more than females.

Sex Comparison of Transcriptional Responses

We routinely use targeted analysis of >50 genes to assess responses of neonatal microglia from rats and mice to pro-inflammatory (lipopolysaccharide [LPS], I+T) and anti-inflammatory stimuli (IL-4, IL-10, TGFβ1) (e.g., Lam et al., 2017; Lively and Schlichter, 2018; Lively et al., 2018). Our previous studies always combined microglia from both sexes. Here, we separated males and females to examine responses of 69 genes to I+T and IL-4. The starting state will affect the ability of microglia to respond to stimuli. Gene expression data are useful to define the initial state before inducing various perturbed or ‘activated’ states. As in our previous studies of mixed sex microglia (some cited above), unstimulated P1 rat microglia were in a relatively non-inflammatory state (which some would call ‘resting’), as judged by low expression of many inflammatory molecules in both sexes. For instance, they had low expression (arbitrary cutoff, <250 mRNA counts/100 ng RNA) of pro-inflammatory (Casp1, Cd274, Cxcl10, Ifnb1, Ifng, Il1a, Il1b, Il6, Nos2, Ptgs2, Tnf) and anti-inflammatory genes (Arg1, Ccl22, Cd163, Il4, Il10, Pparg, Retnla).

Next, sex-segregated microglia were stimulated for 24 h with I+T or IL-4 to ask whether their transcriptional responses differed. Many gene expression studies examine a single time point and we chose 24 h because it is commonly used to investigate changes in microglial gene expression (Kobayashi et al., 2013; Zhang et al., 2015) and it facilitates comparison with our recent studies of I+T and IL-4 at 24 h that also included pilot studies showing similar responses at 6 h (Lam et al., 2017; Lively and Schlichter, 2018). [Note: Because we saw no sex differences, the segregated gene expression data and statistical outcomes are in Supplementary Tables 2–5 for P1 and 6–9 for P21.] For P1 microglia, none of the genes showed sex differences in their responses to I+T or IL-4, and their responses were similar to our earlier combined-sex neonatal cultures. For instance, I+T increased genes associated with pro-inflammatory responses (Casp1, Cybb, Kcna3, Kcnj2, Ncf1, Nos2, Ptgs2, Ptk2b, Tnf) and decreased homeostatic molecules (P2ry12, Cx3cr1). IL-4 increased Arg1, Ccl22 and Mrc1. Next, we examined changes at the protein level for four of these molecules (Figure 2). Consistent with the transcript changes, I+T increased NOS2, PYK2 and COX-2 (p value for female cells was 0.07), and IL-4 increased CD206. IL-4 also increased COX-2 protein, consistent with the increases in mRNA (8.4-fold in males, 11.3-fold in females), but protein changes did not reach statistical significance. No sex differences were evident.
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FIGURE 2. Neonatal (P1) microglia: Exemplary pro- and anti-inflammatory proteins. Rat microglia were harvested 24 h after treatment with IFNγ + TNFα (I+T) or IL-4. (Upper) Representative Western blots for the pro-inflammatory markers, iNOS, COX-2 and PYK2, and the anti-inflammatory marker, MRC1/CD206. (Lower) Individual values show fold-changes with respect to unstimulated (control) microglia and the mean ± SD is indicated. Differences from control microglia are shown as: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001.



The present study included sex-comparisons of 19 genes we had not previously examined; i.e., pro-inflammatory (Cd274 /PD-L1, Cxcl10, Ifnb1, Il1a) and anti-inflammatory molecules (Il13, Il13ra1, Pprc1/PRC), members of the inflammasome (Nlrp3, Pycard), immune modulators and genes related to microglial physiology (Cd200r1, Csf1, F2r/PAR-1, Hmox1/Heme oxygenase 1, Lcn2/NGAL, Mmp9, Nfe2l2/NRF2, P2rx4, Pdcd1/PD-1, Tfrc). There were numerous responses to cytokines; e.g., at P1, I+T increased Cd274, Cxcl10, Il1a, Il4r, Il13ra1, Nlrp3, Hmox1, Nfe2l2, and P2rx4; and decreased Cd200r1 and Csf1. IL-4 increased Csf1 and F2r, decreased Il13ra1 and P2rx4; and surprisingly, it also increased the pro-inflammatory genes, Cd274 and Il1a. Again, there were no sex differences at either age; hence, the data are shown in Supplementary Tables 2–9.

Age-Related Differences in Gene Expression and Responses

As there were no sex differences, to assess potential age-related differences (P1 versus P21), we then combined data from male and female microglia. Numerical data and statistics are shown in Figures 3–6, and organized into the same four categories: pro-inflammatory (Figure 3), anti-inflammatory (Figure 4), microglial markers and immune modulators (Figure 5), and genes related to microglia physiological functions (Figure 6). Then, to highlight similarities and differences, responses to I+T and IL-4 are pictorially summarized according to the age (Figure 7). For completeness, age comparisons of the sex-segregated data and accompanying statistics are shown in Supplementary Tables 10–17.


[image: image]

FIGURE 3. Age-dependent transcriptional responses: Pro-inflammatory mediators. Rat microglia were unstimulated (CTL) or stimulated for 24 h with IFNγ and TNFα (I+T) or IL-4. Transcript expression of each gene is shown as mRNA counts normalized to two housekeeping genes (see Materials and Methods). For clarity, protein names are included for some genes. The scatterplots show individual values and the mean ± SD. Differences shown are with respect to control microglia (∗) and between P1 and P21 cells (†). One symbol of either type indicates p < 0.05; two symbols, p < 0.01.
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FIGURE 4. Age-dependent transcriptional responses: Anti-inflammatory mediators. As in Figure 2, microglia were stimulated for 24 h with IFNγ and TNFα (I+T) or IL-4. The scatterplots show individual mRNA values (normalized; see Materials and Methods) and the mean ± SD. Differences shown are with respect to control microglia (∗) and between P1 and P21 cells (†). One symbol of either type indicates p < 0.05; two symbols, p < 0.01.
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FIGURE 5. Age-dependent transcriptional responses: Microglia markers and modulators. As in Figure 2, microglia were stimulated for 24 h with IFNγ and TNFα (I+T) or IL-4. The scatterplots show individual mRNA values (normalized; see Materials and Methods) and the mean ± SD. Differences shown are with respect to control microglia (∗) and between P1 and P21 cells (†). One symbol of either type indicates p < 0.05; two symbols, p < 0.01.
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FIGURE 6. Age-dependent transcriptional responses: Molecules related to selected physiological functions. As in Figure 2, microglia were stimulated for 24 h with IFNγ and TNFα (I+T) or IL-4. The scatterplots show individual mRNA values (normalized; see Materials and Methods) and the mean ± SD. Differences shown are with respect to control microglia (∗) and between P1 and P21 cells (†). One symbol of either type indicates p < 0.05; two symbols, p < 0.01.
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FIGURE 7. Summary of the magnitude and direction of gene expression changes in neonatal (P1) and prepubertal (P21) microglia. Sexes were combined because no sex differences were identified at either age. To create the bubble chart, fold changes were sorted into bins according to the ranges stated on the figure. Only genes showing changes in expression were included. See Figures 3–6 for full data and significance levels. The chart shows fold changes evoked by I+T or IL-4 relative to control values (magenta = increases; green = decreases).



Baseline Levels in Unstimulated Microglia

Because microglia were isolated by different methods at the two ages, it is important to compare their starting state as well as responses to I+T and IL-4. P1 and P21 microglia had comparable baseline levels for many genes from all four categories: pro-inflammatory (Cd274, Cxcl10, Ifnb1, Ifng, Il1r1, Ptk2b, Tnf, Tnfrsf1a, Tnfrsf1b), anti-inflammatory (Arg1, Il1rn, Il4, Il4r, Il10rb, Il13, Il13ra1, Retnla, Tgfb1, Tgfbr1, Tgfbr2), markers and immune modulators (Aif1, Cd200r1, Csf1, F2r, Hmox1, Nfe2l2, Nr3c1, Pdcd1, Tlr4), and genes related to microglial physiology (Cybb, Kcna5, Kcnj2, Kcnn3, Kcnn4, Mmp9, Msr1, P2rx4, P2ry2). However, other genes differed and had higher basal expression at P21: pro-inflammatory (Casp1, Ifngr2, Il1a, Il1b, Il1r2, Il6, Nlrp3, Nos2, Ptgs2, Pycard), anti-inflammatory (Ccl22, Cd163, Il10, Il10ra, Pprc1), markers and modulators (Csf1r, Cx3cr1, Itgam, Lcn2, Nfkbia, Tlr2), and genes related to microglial physiology (Kcna3, Ncf1, P2rx7, P2ry12). A few genes had lower baseline expression at P21 (Ifngr1, Tfrc, Mrc1, Pparg, Cd68, Trem2). When all genes are considered, it is evident that P21 cells are not simply more or less ‘activated’ [Eleven genes were expressed at low levels (< 50 mRNA counts/100 ng RNA) at both ages and were not altered by I+T or IL-4 (Ifnb1, Ifng, Ifngr2, Il1r1, Il4, Il10, Il13, Kcna5, Kcnn4, Retnla, and Pdcd1) and will not be discussed further].

I+T Treated Microglia

Many genes showed similar general responses, or lack thereof, at P1 and P21, with similarities in 12/16 pro-inflammatory genes (Figures 3, 7), 7/13 anti-inflammatory genes (Figures 4, 7), 11/16 microglial markers and modulators (Figures 5, 7), and 6/10 genes related to microglial physiology (Figures 6, 7). After omitting the non-responding genes, 30% of the I+T-affected genes showed nearly identical transcript levels at P1 and P21 both before and after stimulation. Transcripts that increased were Aif1, Hmox1, Il1rn, Il4r, Il10rb, Kcnj2, Nfe2l2, Nr3c1, Ptk2b, Tnf, Tnfrsf1a, Tnfrs1b. Decreases were seen in Tgfb1, Tgfbr1 and Tlr4.

Some age-dependent differences in responses to I+T also emerged, with four patterns seen. (i) Those in which baseline levels differed with age but became similar after I+T treatment. Transcript levels increased for Il10ra, Ncf1, Nfkbia, Nlrp3 and Nos2; and decreased for Csf1r, Mrc1, P2ry12, and Trem2. Note that baseline levels of most of these molecules were higher at P21 (except Mrc1 and Trem2 were higher at P1). (ii) Some genes showed the same direction of response to I+T but age-related differences in the basal levels resulted in differences after I+T. Again, expression was often higher at P21. Expression increased for Casp1, Kcna3 and Ptgs2; decreased for Cx3cr1, Ifngr1 and Pycard; and was unchanged for Ccl22, Cd11b, Lcn2, Pprc1 and Tlr2. (iii) For a few genes, unstimulated levels were comparable at P1 and P21, but responses to I+T were greater at one age. Greater P1 responses were the increases in Cd274 and Cybb and decreases in Cd200r1 and Msr1. The only larger P21 response was the increase in Cxcl10. (iv) Some responses were specific to one age. Only at P1 did I+T increase Arg1, Il13ra1, P2rx4 and P2ry2, and decrease Csf1. Only at P21 did I+T increase Kcnn3 and decrease F2r and Tfrc. At P1, Il1a, Il1b, Il1r2 and Il6 were selectively increased; but interestingly, P21 microglia already had higher baseline levels and were not increased by I+T. At P1, I+T decreased Pparg but baseline levels at P21 were already lower. Two opposite I+T-mediated responses were seen between the two ages. Cd68, a lysosomal marker often used as an indicator of phagocytosis in vivo (Damoiseaux et al., 1994), was reduced by I+T at P1 (from a much higher baseline level) but increased at P21. The P2rx7 transcript level increased at P1, but decreased at P21 (from a much higher baseline level).

IL-4 Treated Microglia

Some responses were similar at both ages; 4/16 pro-inflammatory genes (Figures 3, 7), 5/13 anti-inflammatory genes (Figures 4, 7), 5/16 microglia markers and immune modulators (Figures 5, 7) and 3/10 genes related to microglial physiology (Figures 6, 7). However, numerous similarities (14 genes) were simply a lack of response to IL-4.

For the IL-4-responding genes, several patterns were seen. (i) 29% (12/41) of genes showed comparable transcript levels at both ages before and after stimulation with IL-4. Unlike I+T, the IL-4-induced changes were mainly decreases; i.e., in Aif1, Cybb, Hmox1, Il10rb, Il13ra1, Kcnj2, Ptk2b, Tgfbr1, Tnfrsf1a and Tnfrsf1b, although Csf1, and Tlr4 increased. (ii) There were some age-related differences that suggest developmental gene regulation. While the direction of the IL-4 response was the same, some transcript levels differed before and/or after adding IL-4; i.e., the amount of increase in Mrc1 and decreases in Ifngr1, Ncf1, Tgfbr2, and Tlr2. (iii) Responses at P1 only. IL-4 increased some anti-inflammatory markers (Arg1, Ccl22) and purinergic receptors (P2rx7, P2ry2) but surprisingly, it also increased several pro-inflammatory molecules (Cd274, F2r, Il1a, Il1r2, Ptgs2). Also surprising was that IL-4 decreased molecules related to microglial quiescence (Cd200r1, Cx3cr1) and phagocytosis (Cd11b, Cd68, Msr1, Nr3c1, P2rx4, Trem2). [Cd68 and Trem2 were reduced from higher baseline levels at P1.] (iv) Responses at P21 only. IL-4 decreased expression of some pro-inflammatory genes (Casp1, Cxcl10, Il1b) and immune modulators (Csf1r, Nfe2l2, Nfkbia), of which four (Casp1, Csf1r, Il1b, Nfkbia) had higher baseline levels at P21. Cd163 was the only IL-4-mediated increase specific to prepubertal microglia. Overall, at both ages, IL-4 decreased expression of several genes involved in general activation (Aif1), pro-inflammatory responses (Kcnj2, Ptk2b) and oxidative stress (Cybb, Hmox1). IL-4 also decreased both pro- and anti-inflammatory receptors (Il10rb, Il13ra1, Tgfbr1, Tnfrsf1a, Tnfrsf1b) suggesting that it skews microglia toward a refractory state.

Again, age-related responses of a few hallmark proteins were compared (Figure 8). As expected from the higher Nos2 mRNA and NO production in P1 microglia after I+T stimulation, P1 microglia had higher levels of NOS2 protein. Also expected in P1 microglia, were the larger I+T-mediated increase in PYK2 protein, and larger IL-4-mediated increase in MRC1.
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FIGURE 8. Neonatal (P1) versus prepubertal (P21) microglia: Exemplary pro- and anti-inflammatory proteins. Rat microglia were harvested 24 h after treatment with IFNγ + TNFα (I+T) or IL-4. (Upper) Representative Western blots for the pro-inflammatory markers, iNOS and PYK2, and the anti-inflammatory marker, MRC1/CD206. (Lower) Individual values of fold-changes with respect to unstimulated (control) microglia and the mean ± SD are shown. Significant differences are shown between control and treated cells (∗) and between P1 and P21 microglia (†). Two symbols of either type indicate p < 0.01; 3 indicates p < 0.001 and 4 indicates p < 0.0001.



Kv and Kir Currents in Prepubertal (P21) Microglia

Rat microglia express outward-rectifying Kv and inward-rectifying Kir currents, which have been extensively characterized in combined-sex neonatal microglia (see Discussion). Before undertaking the present study on prepubertal (P21) microglia, we conducted a pilot study on unstimulated P1 rat cells. There was no sex difference in the total Kv current amplitude: at +40 mV it was 15.1 ± 5.0 pA/pF (mean ± SEM; n = 6) in females and 12.7 ± 1.7 pA/pF (n = 15) in males.

This was not surprising because, in our many studies on ion currents in neonatal rat microglia, we have observed relatively small amplitude variations without evidence of a bimodal distribution that would suggest sex differences. Those studies include Kv and Kir currents after I+T or IL-4 treatment of mixed-sex microglia (Lam and Schlichter, 2015; Lam et al., 2017; Lively et al., 2018). Furthermore, the only age difference in mRNA expression for Kv and Kir channels was that Kcna3 (Kv1.3) expression was higher at P21. Therefore, we next addressed potential sex differences in Kv and Kir currents, with and without stimulation by I+T or IL-4.

Kv Current

Figure 9A shows representative Kv current traces from untreated (control) P21 male and female microglia in response to a voltage ramp, which gives a direct read-out of the current-versus-voltage (I–V) relationship. Control I–V curves were similar to our previous papers on unsexed rat microglia from neonates (see references above) and adults (Lively et al., 2018), and I+T increased the current in the male cell. IL-4 appeared to increase the current in microglia of both sexes. In choosing to assess the total Kv current, we recognize that more than one Kv channel type is likely involved (see Discussion). That is, only about half the current was blocked by the potent Kv1.3 blocker, agitoxin-2 (pilot study, not shown). While the remaining Kv current was not identified, we previously observed an additional Kv current (Lam et al., 2017) and also showed that Kv1.5 contributes to the microglia current in ex vivo tissue prints made from rat brain slices (Kotecha and Schlichter, 1999). Figure 9B shows a statistical comparison of male and female P21 microglia. The Kv current amplitude at +40 mV (in pA) was normalized to the cell size (membrane capacitance; in pF), as before (Lam et al., 2017; Lively et al., 2018). Capacitance is a useful way of accounting for cell size because it is independent of shape changes, such as retraction of cell processes, membrane ruffling, and loss of the lamellum that occurs after I+T treatment. In unstimulated (control) microglia, the Kv amplitude was the same in females and males. While there were apparent increases in Kv current in response to I+T and IL-4, the only statistically significant sex difference was that males had a nearly 2-fold higher response to I+T.
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FIGURE 9. Kv and Kir currents in prepubertal (P21) microglia. (A) Representative whole-cell outward-rectifying Kv currents from male and female P21 microglia at 24 h in untreated cells (control) or after treatment with I+T or IL-4. For each recording, the voltage was ramped to +40 mV from a holding potential of –110 mV. (B) Summary of Kv current density (pA/pF) measured at +40 mV. Graphical summaries in (B,D) show mean ± SEM for the number of replicates indicated on each bar; and were analyzed by two-way ANOVA and Bonferroni post hoc test. ∗∗∗p < 0.001 indicates a difference from the control current. (C) Representative inward-rectifier (Kir) currents at 24 h in untreated microglia (control) or after treatment with I+T or IL-4. From a holding potential of –110 mV, the voltage was ramped from –160 to –60 mV. (D) Summary of peak Kir inward current density (pA/pF) measured at –140 mV.



Kir Current

Figure 9C shows typical Kir currents in female and male P21 microglia. They are very similar to isolated Kir2.1 currents in neonatal (Lam and Schlichter, 2015; Lam et al., 2017) and adult rat microglia (Lam et al., 2017). For the analysis in Figure 9D, the Kir current was measured at –140 mV and normalized to cell size (capacitance, as above). While there were no statistically significant sex differences, there was a clear trend toward a larger response of female cells to IL-4.

TGFβ1 Response

Finally, although not part of this overall study, but for comparison with our recent paper on TGFβ1-treated rat and mouse microglia (Lively et al., 2018), we report effects of TGFβ1 treatment on the K+ currents in P21 rat microglia. Although the total Kv current at +40 mV was the same (888 ± 196 pA in males; 887 ± 171 in females), the cell size (capacitance) differed (32.9 ± 2.3 pF in males; 19.4 ± 1.5 pF in females) and, consequently, the size-adjusted current (pA/pF) was larger in females (46.4 ± 8.7 pA/pF; n = 14) than in males (29.5 ± 8.2 pA/pF; n = 9). For the Kir current, there was no sex difference after TGFβ1 treatment: it was 15.3 ± 3.7 pA/pF (n = 14) in females, and 11.8 ± 2.9 pA/pF (n = 9) in males.



DISCUSSION

Sex Differences in Brain Development and Pathology

Sex differences are now recognized in brain development, adult brain structure and chemistry (Cosgrove et al., 2007); however, little is known about sex differences in specific brain cells. Recent studies have focused on how developmental disruptions might interfere with sex differentiation in the brain and lead to sex differences in later disease prevalence (Manoli and Tollkuhn, 2018). For instance, infant males are more prone to perinatal stroke, cerebral palsy, and to later development of autism spectrum disorders, attention deficit hyperactivity disorder, Tourette’s syndrome, early onset schizophrenia, amyotrophic lateral sclerosis, and Parkinson’s disease (Yanguas-Casas, 2017; Mallard et al., 2018). In many species, females have stronger immune systems and reduced susceptibility to infection and disease (Hanamsagar and Bilbo, 2016) but they are at risk of developing hyperactive immune systems and are more prone to developing multiple sclerosis, mood-related disorders, and Alzheimer’s disease (Yanguas-Casas, 2017). Early sex differences in the prevalence of CNS disorders are established before sexual maturation and adult circulating levels of sex hormones are attained. For this reason, we compared neonatal and prepubertal microglia.

The classical ‘organization-activation’ hypothesis posits that perinatal exposure to sex hormones organizes tissues (including sex-specific brain circuitry) such that a secondary exposure at maturation activates sexual dimorphisms (Arnold, 2009). In the perinatal male brain, there is a surge of testosterone, which is aromatized to estradiol (McCarthy, 2008). Sex-related behavioral differences can emerge at a very young age. For instance, in human infants, males have better object tracking abilities, while females react more intensely to painful stimuli (Manoli and Tollkuhn, 2018). Abnormal exposure to sex hormones early in development can have a profound effect on subsequent behavior. Female mice treated with estradiol at birth later exhibit male levels of territorial aggression (Wu et al., 2009). At the cellular level, the perinatal testosterone surge results in elevated numbers of neural progenitor cells in the hippocampus of male rats at birth; however, this difference is abolished if males are treated with an estrogen receptor antagonist (or aromatase inhibitor) or if females are treated with estradiol (Bowers et al., 2010). Most research has focused on organizational roles of sex hormones during development but differences also arise from sex chromosomes and gene expression (Hanamsagar and Bilbo, 2016; Nelson and Lenz, 2017).

Sex Differences in Developing Microglia

There is increasing interest in potential sex differences in microglia, owing to their well-established roles in the CNS immune response and recent evidence for non-immunological roles in fine-tuning and maintaining neural circuitry (Nelson et al., 2017; Sominsky et al., 2018). Many studies investigate in vitro properties of neonatal microglia and there is increasing interest in possible sex differences in microglia during development and after CNS injury (Colonna and Butovsky, 2017; Dotson and Offner, 2017). The motivation for the present study was that early developmental differences between the sexes (testosterone surge, chromosomal differences) might influence their transcriptional and functional responses to well-known activating stimuli. To this end, we compared neonatal (P1) and prepubertal (P21) microglia of both sexes, with or without exposure to the pro-inflammatory cytokines, IFNγ + TNFα (I+T) or the anti-inflammatory cytokine, IL-4.

One functional sex difference we observed was in migration and its modulation by IL-4. IL-4 increases the migratory capacity of neonatal rat (Lively and Schlichter, 2013) and mouse microglia (Lam et al., 2017) in mixed-sex cultures. Here, IL-4 increased migration to a greater extent in male microglia, especially at P1. Greater migration of unstimulated neonatal male rat microglia was recently observed (Yanguas-Casas et al., 2018). These findings might help explain several in vivo observations. In male mice, microglia/macrophages began to surround the lesion earlier after traumatic brain injury (Villapol et al., 2017) and after a stab wound, which correlated with better preservation of neuron density (Acaz-Fonseca et al., 2015). Male mice also had more infiltrating immune cells after transient ischemia, and this difference was lost in IL-4 knockout mice (Xiong et al., 2015). Thus, IL-4 appears to play an important role in microglial migration and accumulation of inflammatory cells at sites of injury; responses that are greater in males. Many species, from insects to humans, display sexually divergent immune responses (Klein and Flanagan, 2016). Thus, we were surprised to find no sex-related differences in expression or responses of the >50 inflammation-related genes examined. Here, we will address several possible explanations.

(1) It is possible that the genes we examined are not regulated in a sex-dependent manner, under the activation conditions used, or at the ages examined. Consistent with our results, a recent study of embryonic, postnatal and adult male and female mouse hippocampal microglia found that basal gene expression was similar during development, and that sex differences only emerged at maturity (Hanamsagar et al., 2017). In adult mouse microglia, sex differences were seen in basal gene expression, and 37% of such genes were related to inflammation (Villa et al., 2018). Adult female mouse microglia had higher expression of inflammatory genes, especially those regulated by IFNγ (Thion et al., 2018); while male mouse microglia had higher NF-κB activity and expression of genes involved in cytokine secretion and migration (Villa et al., 2018). After CNS damage, some studies have reported a lack of sex differences in inflammatory responses; e.g., at 1 week after partial sciatic nerve ligation or traumatic brain injury in mice (Bruce-Keller et al., 2007; Lopes et al., 2017). However, others have noted sexual dimorphisms; e.g., at P3, female mouse microglia had higher basal expression of Il1b, Il6, Il10, Tnf (Crain et al., 2013) and the purinergic receptors, P2rx5 and P2ry4 (Crain et al., 2009). The potential for species differences needs to be addressed in future. We found that rat and mouse microglia differ in gene-expression profiles, both under baseline conditions and in response to pro- (I+T) and anti-inflammatory (IL-4, IL-10, TGFβ1) stimuli (Lam et al., 2017; Lively et al., 2018). Responses will also depend on the stimulus used. IL-4, IL-10 and TGFβ1 evoke different gene expression changes within a rodent species (Lam et al., 2017; Lively et al., 2018), and I+T evokes different responses from LPS (Lively and Schlichter, 2018). Not all results are consistent in the literature. In neonatal rat microglia, LPS evoked a higher increase in Il1b in males in one study (Loram et al., 2012) but not in another (Turano et al., 2017). However, in those two studies, the decrease in Tlr4 was equal in both sexes (Loram et al., 2012; Turano et al., 2017), as it was after I+T in the present study. At puberty, a second surge of sex hormones activates many sexual dimorphisms throughout the body (Arnold, 2009), and it is possible that sex differences in microglial responses will emerge in microglia from older animals.

(2) Microglial gene expression might be regulated in a region-specific manner (we isolated microglia from whole brains, except the cerebellum) or depend on cell-cell interactions and the chemical milieu of the brain, which are lost after cell isolation. Most sex studies have focused on the intact brain, assessing cell numbers, morphology and basal gene expression (Nelson and Lenz, 2017). Before birth, microglial numbers and morphology were comparable between the sexes in the rat cortex, hippocampus and amygdala (Schwarz and Bilbo, 2012). However, at birth, females had a transient increase in amoeboid microglia in the amygdala, paraventricular nucleus and hippocampal CA3 region, which might be the result of increased volume in those regions in females. At P4, males had more amoeboid microglia in the amygdala, hippocampus and parietal cortex. Another study found that, at P3, male rats had more microglia overall, and more amoeboid cells in the preoptic area of the hypothalamus; treating females with estradiol at birth increased microglial number to male levels (Lenz et al., 2013). Not all results are consistent, as sex-related differences in these parameters were not seen at P3 in the rat hippocampus (Nelson et al., 2017). Instead, females had more microglia bearing phagocytic cups, and this was abrogated by estradiol treatment. Regional differences in gene expression have also been reported. At birth, male rat hippocampal and cortical tissue had higher expression of Ccl4 and Ccl20, while females had higher Il10, Il10ra and Il1r1 (Schwarz and Bilbo, 2012) but the cellular source of these immune mediators was not determined. Human microglia and whole cortical tissue show strikingly different gene expression profiles (Galatro et al., 2017), which might be due, at least in part, to astrocytes, which are also immunocompetent cells (Dong and Benveniste, 2001).

(3) Sex differences were not seen in baseline (control) gene expression or after I+T or IL-4 treatment. However, we examined only a single, 24 h time point. It is possible that sex differences in these responses occur at other times, whether later or transiently at earlier times.

Age Differences in Microglia

As noted above, the rodent brain undergoes substantial developmental changes in the first 3 weeks after birth. Between P1 and P21, we observed many differences in baseline gene expression in rat microglia; and some are consistent with their known developmental roles. Neonatal (P1) microglia had higher levels of phagocytosis- (Mrc1, Cd68, Pparg, Trem2) and endocytosis- (Tfrc) related genes, as expected for their greater phagocytic activity (Li and Barres, 2018). Consistent with these results, neonatal mouse microglia have prominent phagocytic cups and enrichment of phagocytosis-related genes (Attaai et al., 2018). Prepubertal (P21) microglia had higher expression of some genes that are characteristic of mature microglia, including sensome-related molecules (Csf1r, Cx3cr1, Itgam, Kcna3, P2ry12), pro-inflammatory (Casp1, Ifngr2, Il6, Ptgs2, Pycard) and anti-inflammatory genes (Ccl22, Cd163, Il10, Il10ra), and immune modulators (Nfkbia, Tlr2). Similarly, in mouse microglia, expression of molecules related to pro-inflammatory responses becomes more prominent the third week of postnatal development (Attaai et al., 2018). Previous studies comparing microglia from embryonic, early postnatal and adult mice have also reported increased expression of many sensome-related genes at maturity in both sexes (Hanamsagar et al., 2017; Thion et al., 2018). The increases in sensome molecules we observed at P21 suggest that they are better primed to respond to disturbances. Pronounced apoptosis of microglia starts in the third postnatal week and is needed to achieve their adult numbers (Nikodemova et al., 2015); thus, the higher expression of immune-related molecules might be a response to microglial apoptosis. Importantly, over half the genes we examined (including all four categories) had comparable baseline levels at both ages; thus, P21 microglia are not simply more ‘activated.’ In future studies, it will be important to consider consequences of differences in specific genes. It is worth noting that there might also be species differences; e.g., Nos2 and Arg1 expression were very low at P1 in rat microglia (Lam et al., 2017; Lively et al., 2018); present study) but they peaked at P3 in mouse (Crain et al., 2013).

Age-dependent differences in gene expression can influence microglial responses to CNS insults and, conversely, brain insults can affect microglia development and their subsequent responses (Hanamsagar and Bilbo, 2017). Here, we will focus on a few molecules for comparison with the literature. Some responses were similar at P1 and P21. I+T increased expression and IL-4 decreased expression of Aif1 and some pro-inflammatory mediators (Hmox1, Pyk2), but also several receptors (Il10rb, Tgfbr1, Tnfrsf1a, Tnfrsf1b) that suggest a priming toward subsequent resolution of pro-inflammatory responses. IL-4 increased the pattern recognition receptor, Tlr4, while I+T decreased it, consistent with IL-4 priming for subsequent innate immune responses. Many age-dependent differences were seen in response to the pro- and anti-inflammatory stimuli. I+T-mediated changes seen only at P1 include decreases in Cd68, Pparg and Csf1, and increases in several genes; i.e., some pro-inflammatory interleukins (Il1a, Il1b, Il1r2, Il6), anti-inflammatory molecules (Arg1, Ccl22, Il13ra1), and purinergic receptors (P2rx4, P2rx7, P2ry2). Only at P1 did IL-4 increase the protease activated receptor 1 (PAR-1/F2r), which is interesting because it is up-regulated in mouse microglia after intracerebral hemorrhage and contributes to edema, pro-inflammatory cytokine production and neuron death (Wan et al., 2016). A few changes were only seen at P21; e.g., I+T-mediated increases in Cd68 and Kcnn3 and decreases in P2rx7 and F2r; and the IL-4-mediated increase in Cd163 and decreases in Csf1r, Cxcl10, Il1b and Nfkbia. In addition, I+T evoked greater increases in Cd274/PD-L1 and Cybb at P1 but higher Cxcl10 at P21. PD-L1 is interesting because LPS and IFNγ greatly increase it in mouse peritoneal macrophages (Loke and Allison, 2003), while CXCL10 propagates pro-inflammatory responses and promotes peripheral cell recruitment into the CNS (Scolletta et al., 2013). Overall, P21 microglia had higher basal and stimulated levels of many inflammatory genes, while P1 cells had higher expression of phagocytosis-related molecules.

Kv and Kir Currents

Microglia express several K+ channels and, based on both in vitro and in vivo studies, Kv1.3 and is being considered as therapeutic targets to control CNS inflammation (recently reviewed in Peng et al., 2014; Feske et al., 2015). Most work that is relevant to the present study on Kv and Kir has used neonatal rodent cells in vitro to measure the currents and delineate roles for the channels. There appears to be no previous information on these channels in sex-segregated microglia. The only sex-relevant study we found was a report that estrogen inhibited the Kir2.1 current in the BV2 microglial cell line (Wu et al., 2016). For neonatal rats, we previously used combined-sex microglia, both unstimulated and cytokine-treated; and characterized Kv1.3 (e.g., Kotecha and Schlichter, 1999; Lam et al., 2017; Lively et al., 2018) and Kir2.1 currents (Lam and Schlichter, 2015; Lam et al., 2017; Lively et al., 2018). Most of those studies used selective blockers to isolate Kv1.3 and Kir2.1 currents from other potential K+ currents. Studies have begun to assess whether microglial K+ currents and their roles are activation-state dependent. Functionally, Kir2.1 regulates Ca2+ entry (Franchini et al., 2004; Lam and Schlichter, 2015), which is important for many cell functions, and blocking Kir2.1 reduced migration with or without microglial stimulation by IL-4, IL-10 or I+T (Franchini et al., 2004; Lam and Schlichter, 2015). Kv1.3 blockers decreased Ca2+ entry (Feske et al., 2015), NFκB activation, production of pro-inflammatory mediators, and microglia-mediated neuron killing (Khanna et al., 2001; Fordyce et al., 2005) but increased migration, regardless of the activation state (Lam et al., 2017). While Kv1.3 block did not affect phagocytosis of myelin in rat microglia (Siddiqui et al., 2016), it reduced phagocytosis of fluorescent beads in mouse microglia (Grimaldi et al., 2018). Neuroprotective effects of Kv1.3 blockers have been extended to in vivo injury models. For instance, Kv1.3 blockers reduced the infarct size after ischemia (Chen et al., 2018), radiation-induced brain injury (Peng et al., 2014), Alzheimer’s symptoms in mouse models (Maezawa et al., 2018), and microglia infiltration into glioblastoma tumors (Grimaldi et al., 2018).

There is still uncertainty about potential developmental regulation of Kv and Kir currents in microglia, and there appear to be species differences (Lam et al., 2017; Nguyen et al., 2017; Lively et al., 2018). Here, we were interested in the total Kv current that can contribute to cell function; rather than separating the specific Kv1.3 component, which is more relevant to drug targeting. No separation was needed for Kir because the total inward current in rat microglia is almost entirely Kir2.1 (Lam and Schlichter, 2015; Lam et al., 2017; Lively et al., 2018). In fact, most studies report Kv and Kir currents in neonatal rodent microglia. However, we did not find any patch-clamp studies on P21 or similar-aged prepubertal microglia, so comparisons will mainly concern neonatal rodent microglia. [It is worth noting that Kv and Kir currents have been reported in adult rodent microglia following acute CNS injury in situ (e.g., Lyons et al., 2000; Menteyne et al., 2009) but some studies have not observed them (e.g, Schilling and Eder, 2007; Arnoux et al., 2013; Chen et al., 2016). In neonatal rat microglia, K+ current amplitudes can change with cell activation states. Kv1.3 current was increased by I+T and IL-4 in rat and mouse microglia; whereas, Kir2.1 was decreased by IL-4 in rat and by I+T and IL-10 in mouse (Lam et al., 2017). TGFβ1 increased the Kv1.3 current in both species but did not affect Kir2.1 (Lively et al., 2018). Here, we addressed potential sex differences in Kv and Kir currents in P21 microglia, with and without stimulation by I+T or IL-4. Minor sex differences were seen. In response to IL-4, the Kir current appeared to increase slightly more in females but did not reach statistical significance for the sample size used. Although I+T increased Kv1.3 and Kir2.1 transcript expression in both sexes, the Kv current was increased much more in males. It remains to be determined whether Kv current sex differences under pro-inflammatory conditions occur in vivo and affect the ability of Kv1.3 blockers to ameliorate disease outcomes.



CONCLUSION AND FUTURE DIRECTIONS

It is increasingly recognized that microglia are malleable in their responses to insults in vitro and in vivo. If transcript expression and cytokine-evoked changes in the genes and functions we examined were ‘hard-wired’ during development or by the sex chromosomes, we would expect they would be maintained in vitro. However, epigenetic responses to the brain’s chemical milieu are expected to be more malleable and might revert after isolating the cells, which would be a specific limitation of in vitro studies. Even microglia development in situ can be altered by systemic (e.g., peripheral infection, gut microbiome) and environmental factors (e.g., pollution) (Hanamsagar and Bilbo, 2017). The present study assessed a targeted panel of genes to create a fingerprint of their initial state as well as responses to pro- and anti-inflammatory stimuli. Despite culturing the cells, we observed numerous age-dependent differences in basal and stimulated gene expression that are consistent with stable programming. Overall, both P1 and P21 cells were quite responsive to IL-4 and I+T. The minor sex differences observed — male microglia had greater migration after IL-4 and greater increases in Kv1.3 mRNA (Kcna3) and Kv current after I+T — raise the possibility that the testosterone surge had selective and enduring effects on the male brain. The surprising lack of sex differences in the genes we examined suggests they were either absent or that innate differences were not sustained during culture. The present results provide a framework for further investigating pro- and anti-inflammatory responses and it will be important to extend the study to in vivo damage models.
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Resident cells of the central nervous system (CNS) play an important role in detecting insults and initiating protective or sometimes detrimental host immunity. At peripheral sites, immune responses follow a biphasic course with the rapid, but transient, production of inflammatory mediators giving way to the delayed release of factors that promote resolution and repair. Within the CNS, it is well known that glial cells contribute to the onset and progression of neuroinflammation, but it is only now becoming apparent that microglia and astrocytes also play an important role in producing and responding to immunosuppressive factors that serve to limit the detrimental effects of such responses. Interleukin-10 (IL-10) is generally considered to be the quintessential immunosuppressive cytokine, and its ability to resolve inflammation and promote wound repair at peripheral sites is well documented. In the present review article, we discuss the evidence for the production of IL-10 by glia, and describe the ability of CNS cells, including microglia and astrocytes, to respond to this suppressive factor. Furthermore, we review the literature for the expression of other members of the IL-10 cytokine family, IL-19, IL-20, IL-22 and IL-24, within the brain, and discuss the evidence of a role for these poorly understood cytokines in the regulation of infectious and sterile neuroinflammation. In concert, the available data indicate that glia can produce IL-10 and the related cytokines IL-19 and IL-24 in a delayed manner, and these cytokines can limit glial inflammatory responses and/or provide protection against CNS insult. However, the roles of other IL-10 family members within the CNS remain unclear, with IL-20 appearing to act as a pro-inflammatory factor, while IL-22 may play a protective role in some instances and a detrimental role in others, perhaps reflecting the pleiotropic nature of this cytokine family. What is clear is that our current understanding of the role of IL-10 and related cytokines within the CNS is limited at best, and further research is required to define the actions of this understudied family in inflammatory brain disorders.
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INTRODUCTION

Inflammation within the central nervous system (CNS) has devastating consequences. While it was once thought that the brain is a victim organ of infiltrating leukocytes, it is now appreciated that resident brain cells play a critical role in the initiation and/or progression of inflammatory responses within the CNS that contribute to disease states. Resident CNS cells, such as microglia and astrocytes, are able to recognize and respond to either pathogen associated molecular patterns (PAMPs) or damage associated molecular patterns (DAMPs) via their expression of innate immune pattern recognition receptors (PRRs; Bowman et al., 2003; Tsung et al., 2014; Crill et al., 2015; Serramía et al., 2015). Similar to other myeloid immune cells such as macrophages, microglia express an array of cell surface, endosomal and cytoplasmic PRRs, allowing them to rapidly respond to the presence of PAMPs and DAMPs in the extracellular milieu and within the cytosol. In addition to the well-studied Toll-like and nucleotide-binding oligomerization domain (NOD)-like families of receptors (TLR and NLR, respectively), more recent work has demonstrated the ability of these sentinel cells to functionally express molecules that serve as cytosolic sensors for foreign and/or damaged nucleic acid motifs that include DNA-dependent activator of interferon-regulatory factors (DAI), retinoic acid-inducible gene (RIG)-like receptors (RLR) and cyclic guanosine monophosphate-adenosine monophosphate synthase (cGAS; Bowman et al., 2003; Liu et al., 2010; Furr et al., 2011; Crill et al., 2015; Jeffries and Marriott, 2017). Interestingly, non-leukocytic CNS cells, including astrocytes, can also express such innate immune sensing molecules although, in contrast to microglia, such cells appear to constitutively express fewer PRR types and expression levels (Bsibsi et al., 2002, 2006). However, following activation or infection, astrocytes show rapid elevations in the repertoire and levels of expression of PRRs, suggesting that these cells may become sensitized to the presence of danger signals (Bsibsi et al., 2002; Bowman et al., 2003; McKimmie and Fazakerley, 2005).

Acute inflammatory responses play an important role in pathogen clearance in peripheral tissues and organs, as discussed elsewhere (Ma et al., 2015; Gyurkovska and Ivanovska, 2016; Newton et al., 2016). While inflammation can similarly be protective within the CNS, such responses can have severe detrimental consequences if they are too extreme or sustained. Following activation, glial cells are capable of the rapid production of chemokines and cytokines that can alter the integrity of the blood brain barrier (BBB), recruit and activate circulating leukocytes to the site of the insult, and cause cerebral edema that increases cranial pressure which, in severe cases, can result in death due to herniation, blood clots, and subsequent ischemic stroke (Bowman et al., 2003; Liu et al., 2010; Furr et al., 2011; Barichello et al., 2012; Fayeye et al., 2013; Minkiewicz et al., 2013; Pelegrín et al., 2014; Tibussek et al., 2015; Papandreou et al., 2016; Sun et al., 2016; Shah, 2018). Microglia and astrocytes respond to PAMPs (Furr et al., 2010; Liu et al., 2010; Serramía et al., 2015; Sun et al., 2016) and DAMPs (Minkiewicz et al., 2013; Tsung et al., 2014) by releasing the signature inflammatory cytokines, interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), and the chemokine IL-8. While these mediators can assist in the recruitment of leukocytes that include those responsible for protective adaptive immune responses, long-term exposure to these cytokines results in local tissue damage. As such, it is essential that this acute inflammatory phase is regulated and limited to prevent neurological damage. In this review article, we will discuss the ability of glial cells to produce mediators that can limit or resolve sterile or pathogen-induced neuroinflammation, with a particular emphasis on the IL-10 family of cytokines.



CNS CELLS CAN CONTRIBUTE TO THE RESOLUTION PHASE OF IMMUNE RESPONSES WITHIN THE BRAIN

Inflammation is typically biphasic and features the rapid production of pro-inflammatory mediators, followed by a decrease in their release and the subsequent delayed expression of immunosuppressive factors that limit their production and/or effect (Mino and Takeuchi, 2013; Shen et al., 2013; Headland and Norling, 2015). Such a change in the cytokine expression profile during this resolution phase serves to prevent prolonged exposure to inflammatory mediators and limits associated tissue damage. The transient nature of pro-inflammatory cytokine and chemokine production by glia and leukocytes (Conti et al., 2004; Barichello et al., 2011) results, at least in part, by a modification in cytokine mRNA stability by RNA binding proteins, which bind to the adenylate-uridylate (AU)-rich elements (ARE) in the 3′ untranslated region (UTR) of the mRNA. For example, the RNA binding protein tristetraprolin (TTP) has been demonstrated to have an anti-inflammatory role as it binds to the UTR of mRNA encoding the key pro-inflammatory cytokine TNF-α, thereby destabilizing it (Liu et al., 2013; Patial et al., 2016; Astakhova et al., 2018).

In addition to factors that can limit the production of inflammatory mediators in the continued presence of activating stimuli, other components can be upregulated in glial cells or their neighbors that attenuate their effects. Anti-inflammatory response (AIR) gene products include suppressor of cytokine signaling (SOCS) molecules, and these proteins are potent inhibitors of inflammatory mediator signaling cascades (Croker et al., 2003; Hutchins et al., 2012). For example, SOCS3 functions by binding to the IL-6 family receptor subunit, gp130, and inhibiting the signal cascade for this cytokine family (Babon et al., 2014; Wilbers et al., 2017). Importantly, cytokines that are recognized to have immunosuppressive effects, including IL-4 and IL-13, can induce the expression of SOCS molecules in both peripheral immune cells and non-leukocytic cell types, thereby contributing to their anti-inflammatory effects (Hebenstreit et al., 2003; Jackson et al., 2004; Albanesi et al., 2007; Dickensheets et al., 2007). Within the CNS, activated glial cells have been shown to express members of the SOCS family of molecules and their importance has been discussed in detail in other literature reviews (Campbell, 2005; Baker et al., 2009). Additionally, soluble cytokine decoy receptors, such as decoy receptor 3 and IL-2 receptor 2 (IL-1R2), that can bind inflammatory factors and prevent their interaction with target cell receptors, can be produced during this anti-inflammatory period (Francis et al., 2001; Ichiyama et al., 2008; Liu et al., 2015; Bonecchi et al., 2016).

However, a major component in the transition of immune responses from an inflammatory to a resolution phase is the delayed secondary production of mediators that are immunosuppressive and/or neuroprotective. For example, pathogen recognition via PRRs generates a complex response that includes the production of both inflammatory mediators and factors that can restore an immunoquiescent environment, such as microRNAs (miRNAs). Once thought of as “junk” RNA that is generated during gene transcription, miRNAs have been identified to play a major role in switching off acute inflammatory responses, and several have been shown to have such functions within the CNS (Ponomarev et al., 2011; Iyer et al., 2012; Cho et al., 2015). miRNAs appear to contribute to the maintenance of an immunoquiescent environment in the CNS by reducing the production of inflammatory mediators by microglia, perivascular macrophages, and astrocytes, and by downregulating the expression of molecules involved in innate immune sensing pathways that render these cells less responsive to insult (Ponomarev et al., 2011; Iyer et al., 2012; Lai et al., 2013; Zhao et al., 2013; Cho et al., 2015; Sun et al., 2015; Qin et al., 2016).

In addition, microglia and astrocytes play a critical role in providing neurons with a protective homeostatic environment within the brain by expressing excitatory amino acid transporters (EAAT), such as glutamate transporter 1 (GLT-1; Almeida et al., 2005; Persson et al., 2005, 2007). During inflammation, extracellular glutamate levels show increases that could potentially be neurotoxic (Zou and Crews, 2005), but EAAT expression and glutamate uptake by glia are elevated, thereby protecting neurons from excitotoxicity (Moidunny et al., 2016).

Furthermore, and in contrast to the rapid production of pro-inflammatory mediators, immunosuppressive cytokines are typically produced at peripheral sites in a delayed manner to promote tissue repair. These suppressive cytokines include IL-4, IL-10, IL-13 and transforming growth factor-β (TGF-β), which can significantly reduce the level of pro-inflammatory cytokine production by activated CNS cells (Moore et al., 2001; Qian et al., 2008). In addition, these soluble mediators can alter microglial phenotype polarization from the predominantly inflammatory “M1” phenotype to a more immunoregulatory “M2” phenotype that expresses protective and/or repairing factors (Qian et al., 2008; Guglielmetti et al., 2016; Rossi et al., 2018). Of these anti-inflammatory factors, IL-10 is generally considered to be the quintessential immunosuppressive cytokine produced within the CNS.



IL-10 IS EXPRESSED WITHIN THE CNS AND LIMITS GLIAL INFLAMMATORY RESPONSES

It is known that IL-10 plays a critical role in the resolution of peripheral inflammation and this molecule has been the most widely studied anti-inflammatory cytokine, as discussed in numerous reviews (Hutchins et al., 2013; Headland and Norling, 2015; Mingomataj and Bakiri, 2016). Since its initial discovery, IL-10 has been found to be produced by an array of leukocytic cell types, including monocytes and granulocytes, as well as non-immune cells such as epithelial cells and keratinocytes (Moore et al., 2001; Moser and Zhang, 2008). Importantly, isolated microglia and astrocytes produce IL-10 in a delayed manner, with increased IL-10 mRNA expression seen at 8 h after activation with TLR ligands or microbial pathogens, and detectible protein release at 24 h following stimulation (Jack et al., 2005; Bsibsi et al., 2006; Rasley et al., 2006; Park et al., 2007; Gautam et al., 2011; Werry et al., 2011; Gutierrez-Murgas et al., 2016). In addition, these resident CNS cells have been demonstrated to express IL-10 in situ following in vivo LPS challenge (Park et al., 2007).

Interestingly, such delayed IL-10 production by glia appears to occur secondary to the release of inflammatory mediators, as we have shown the rapid induction of this cytokine following exposure to conditioned media from bacterially challenged cells (Rasley et al., 2006). Furthermore, the inflammatory cytokines IL-6 and TNF-α have been demonstrated to induce IL-10 production by microglia in a dose dependent manner (Sheng et al., 1995). IL-10 production by cytokine-challenged microglia can be further augmented by neurotransmitters including glutamate (Werry et al., 2011), and damage-associated molecules such as adenosine (Koscsó et al., 2012). In contrast, the neuropeptide, substance P (SP), appears to play a role in the reduction of IL-10 levels within the CNS that occurs following bacterial infection, as this effect was not seen following prophylactic administration of an antagonist for its high affinity receptor (Chauhan et al., 2008, 2011). Such an effect suggests that SP can promote neuroinflammation in two ways, first by exacerbating pro-inflammatory glial and infiltrating leukocyte responses, as discussed in our recent review on this topic (Johnson et al., 2017), and second by limiting the expression of immunosuppressive mediator production within the brain.

IL-10 exerts local effects on cells that express a receptor that are composed of two subunits, IL-10 receptor (IL-10R)1 and IL-10R2 (Moore et al., 2001) as shown in Figure 1. While most cell types are known to express IL-10R2 constitutively, IL-10R1 expression tends to be restricted to cells of hematopoietic lineage (Moore et al., 2001; Wolk et al., 2002; Moser and Zhang, 2008). As might be expected given their myeloid lineage, microglia constitutively express both IL-10R1 and IL-10R2 (Hulshof et al., 2002). More surprisingly, resting astrocytes also express both IL-10 receptor subunits (Molina-Holgado et al., 2001; Ledeboer et al., 2002; Xin et al., 2011; Perriard et al., 2015; Table 1). However, such expression by other glial cell types remains controversial with reports of IL-10R1 expression by rat oligodendrocytes (OD) but not human cells (Molina-Holgado et al., 2001; Hulshof et al., 2002), and may also be expressed by neurons (Sharma et al., 2011).
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FIGURE 1. The interleukin-10 (IL-10) family of cytokines exert their effects via heterodimeric receptor subunits. IL-10 signals through a complex of two IL-10R1 and two IL-10R2 subunits. IL-22 signals via an IL-22R1 subunit in combination with an IL-10R2 subunit. IL-19 signals through the type 1 IL-20R consisting of IL-20R1 and IL-20R2 subunits. IL-20 and IL-24 can signal via either type 1 IL-20R or the type 2 IL-20R consisting of IL-22R1 and IL-20R2 subunits. Signaling through these cognate cell surface receptors initiates the activation of canonical Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signaling pathways. Additionally, other signaling cascades have been identified for this family that includes ERK, Akt, mitogen activated protein kinase (MAPK) and p38. Potential decoy receptors for these cytokines include IL-22 binding protein (IL-22BP) and a truncated IL-20R1 variant that bind IL-22 and an undetermined ligand, respectively.




TABLE 1. Glial sources and targets of the interleukin-10 (IL-10) family within the brain.
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Following IL-10 binding to its receptor, this cytokine initiates its cellular effects via a canonical Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway that features JAK1 and STAT3, which subsequently induces the expression of genes associated with immunosuppression (Moore et al., 2001; Hutchins et al., 2013). As we have demonstrated, STAT3 is phosphorylated in murine microglia following exposure to IL-10 (Rasley et al., 2006). Similarly, STAT3 phosphorylation has been observed in cortical neurons and retinal ganglion cells (RGCs) in response to IL-10, although this cytokine has also been shown to activate other signaling components including Akt in these cells (Boyd et al., 2003; Sharma et al., 2011).

The ability of IL-10 to regulate inflammatory TH1 responses has been well characterized (Couper et al., 2008; Moser and Zhang, 2008), and it exerts its immunosuppressive effects by decreasing pro-inflammatory mediator and co-stimulatory molecule expression by leukocytes (Fiorentino et al., 1991; Ding et al., 1993). Furthermore, IL-10 has been shown to induce the expression of anti-inflammatory miRNAs that have been shown to negatively regulate signaling via TLRs and alter the stability of inflammatory cytokine mRNA (Couper et al., 2008; Moser and Zhang, 2008; Curtale et al., 2013; Wilbers et al., 2017). Consistent with this role in the periphery, IL-10 plays an important role in maintaining homeostasis within the CNS (Gutierrez-Murgas et al., 2016). It contributes to the regulation of synaptic pruning by glial cells (Lim et al., 2013; Schwartz et al., 2013; Ellwardt et al., 2016) and limits the damaging effects of neuroinflammation. Specifically, IL-10 reduces glial pro-inflammatory mediator production and reactive astrogliosis in response to the presence of pathogenic microbes or their components (Balasingam and Yong, 1996; Ledeboer et al., 2000; Rasley et al., 2006; Chang et al., 2009; Curtale et al., 2013; Hutchins et al., 2013). Furthermore, this cytokine can alter microglial and astrocyte phenotypes to those that can limit inflammation, promote the production of another immunosuppressive mediator, TGF-β by astrocytes, and induce the expression of mRNA encoding the negative regulator of cytokine signaling SOCS3 (Balasingam and Yong, 1996; Rasley et al., 2006; Norden et al., 2014).

Consistent with these in vitro findings, the importance of IL-10 in the regulation of neuroinflammatory damage has been demonstrated in vivo in animal models of CNS disorders. IL-10 deficient mice show uncontrolled inflammation and increased susceptibility to bacterial, parasitic and viral infections of the CNS (Gazzinelli et al., 1996; Gutierrez-Murgas et al., 2016; Martin and Griffin, 2017). In these studies, increased mortality was associated with elevated levels of inflammatory mediators in the absence of endogenous IL-10 expression (Gazzinelli et al., 1996). In addition to infectious CNS disorders, a role for IL-10 in limiting detrimental neuroinflammation in “sterile” autoimmune diseases, including multiple sclerosis (MS), has been suggested. Genetic polymorphisms of the IL-10 gene that result in reduced expression of this cytokine have been associated with the incidence of MS in human subjects (Martinez Doncel et al., 2002; Myhr et al., 2002; Talaat et al., 2016). Similarly, increased levels of IL-10 in the CNS have been shown to reduce disease severity in mouse models of experimental autoimmune encephalomyelitis (EAE; O’Neill et al., 2006; Klose et al., 2013).

Taken together, the available data indicates that IL-10 plays a critical role in limiting CNS inflammation in a similar manner to that seen at peripheral sites by altering the ability of resident glia and infiltrating leukocytes to respond to activating stimuli, and by reducing the production of inflammatory mediators by these cells. However, IL-10 is only one member of a family of cytokines that are grouped together based upon their similar structures and their sharing of common receptor subunits (Ouyang et al., 2011; Rutz et al., 2014). This family includes IL-19, IL-20, IL-22, and IL-24 (Ouyang et al., 2011; Rutz et al., 2014), and these IL-10 relatives are only now being recognized to exert a regulatory role within the CNS.



IL-19 MAY FUNCTION IN A SIMILAR IMMUNOSUPPRESSIVE MANNER TO IL-10 IN THE CNS

Around the time that IL-10 was discovered, a number of proteins showing a high degree of homology to this cytokine were identified that were subsequently categorized as the IL-10 family. Gallagher et al. (2000) described a list of potential IL-10 family members based upon homologous gene sequences. This work led to the identification of IL-19, a IL-10 homolog expressed by bacterial LPS challenged immune cells, including monocytes and T and B lymphocytes, which can be detected at sites such as the skin following Staphylococcus aureus infection (Gallagher et al., 2000, 2004; Wolk et al., 2002; Reiss-Mandel et al., 2018).

Interestingly, elevated levels of mRNA encoding IL-19 have been observed in mouse brain parenchyma after gamma radiation treatment (Baluchamy et al., 2010), and three studies have shown that isolated murine astrocytes express IL-19 mRNA and protein following challenge with bacteria or their components (Cooley et al., 2014; Nikfarjam et al., 2014; Horiuchi et al., 2015; Table 1). However, the question of whether microglia are a significant source of IL-19 remains contentious, with one study reporting the ability of neonatal murine microglia to release high levels of IL-19 in response to LPS (Horiuchi et al., 2015), while our own work indicates that these cells and a murine microglial cell line express little or no mRNA encoding IL-19 following challenge with either LPS or N. meningitidis (Cooley et al., 2014). Importantly, IL-19 expression within the CNS and by isolated glia following challenge demonstrates delayed kinetics of induction, which is consistent with a secondary, and perhaps protective, response (Cooley et al., 2014; Nikfarjam et al., 2014). Similarly, IL-19 is produced in a delayed manner within the brain cortex of mice infected with a parasitic nematode (Yu et al., 2015), although the precise function of this cytokine in this model has not been determined.

As shown in Figure 1, IL-19 exerts its effects on cells expressing a heterodimeric receptor that consists of the subunits IL-20 receptor (IL-20R)1 and IL-20R2 (Rutz et al., 2014). While this dimeric receptor is commonly referred to as IL-20R, it has been demonstrated that IL-19 binds to the IL-20R2 subunit with a higher affinity than IL-20 (Dumoutier et al., 2001; Logsdon et al., 2012). This cognate receptor is constitutively expressed in human tissues including the pancreas, liver and skin (Wolk et al., 2002). In contrast, immune cells express the IL-20R2 subunit but fail to express IL-20R1 either at rest or following exposure to LPS (Wolk et al., 2002; Kunz et al., 2006; Ouyang et al., 2011). Consistent with this, we have demonstrated that astrocytes constitutively express both IL-20R1 and IL-20R2, while microglia exclusively possess the IL-20R2 subunit (Cooley et al., 2014; Table 1). However, it should be noted that one study has reported the contradictory finding that microglia express the cognate receptor while astrocytes express just the IL-20R2 subunit (Horiuchi et al., 2015). To date, the reason for the apparent discrepancy in these findings remains unclear. Finally, we have also detected a novel truncated IL-20R1 subunit (IL-20R1 variant) in the mouse cortical brain (Table 1) that lacks the cytoplasmic signaling tail (Cooley et al., 2014). As such, it is possible that this truncated protein serves as a decoy receptor for IL-19, and we have reported the intriguing finding that the expression of this receptor is downregulated following infection (Cooley et al., 2014), an effect that could render CNS cells more susceptible to the effects of IL-19.

Following complexing of IL-19 with IL-20R1/IL-20R2, JAK associates with the cytoplasmic tail of IL-20R1 and phosphorylates the transcription factor STAT3 (Gallagher, 2010; Wegenka, 2010; Rutz et al., 2014). Within the CNS, IL-19 has been demonstrated to activate JAK/STAT signaling in microglia, as evidenced by STAT3 phosphorylation in these cells following IL-19 exposure (Horiuchi et al., 2015). However, defining the role of IL-19 in inflammatory responses in the periphery and the CNS has been hampered by inconsistent reports. Despite these issues, and evidence that IL-19 can exert pleiotropic effects that are dependent on the target cell type and stage of the insult, the preponderance of available evidence indicates that IL-19 is immunosuppressive. Similarly, while the reported effects of IL-19 on glial immune responses have shown variability, they are generally consistent with an immunosuppressive role for this cytokine. For example, our laboratory showed that IL-19 administration increases the expression of mRNA encoding the negative regulator of inflammatory cytokine signaling, SOCS3, in primary murine astrocytes, and decreases the production of IL-6 and TNF-α by these cells following stimulation (Cooley et al., 2014). Furthermore, other investigators demonstrated that LPS challenged microglia isolated from IL-19 deficient mice produce significantly higher levels of IL-6 and TNF-α, consistent with the removal of an inhibitory effect on these cells, that was reversible with recombinant IL-19 addition (Horiuchi et al., 2015). However, it should be noted that IL-19 treatment did not exert a demonstrable effect on the production of inflammatory mediators by LPS-challenged astrocytes in this study (Horiuchi et al., 2015).

Additionally, some evidence suggests that IL-19 may serve to limit CNS damage in cases of “sterile” neuroinflammation. For example, elevations in the expression of mRNA encoding IL-19 have been noted in peripheral blood mononuclear cells in an animal model of stroke (Rodriguez-Mercado et al., 2012), and IL-19 administration prior to ischemia-reperfusion injury has been associated with decreased leukocyte activation/infiltration and lessened neurological damage (Xie et al., 2016). Finally, genetic polymorphisms in the IL-19 locus have been associated with the risk of MS development (Khodakheir et al., 2017), similar to that seen for IL-10, although mechanistic links between these and MS neuropathology have not been defined.



IL-22 CAN EXERT BOTH PROTECTIVE AND DETRIMENTAL EFFECTS WITHIN THE CNS

IL-22 was first identified as a product of cytokine-activated lymphoma cells (Dumoutier et al., 2000) and subsequent studies demonstrated that IL-22 is a major product of the TH17 subpopulation of CD4+ lymphocytes (Liang et al., 2006). However, IL-22 expression does not appear to be limited to T-cells as other leukocytes, including macrophages, can also express this cytokine (as reviewed in Dudakov et al., 2015). Importantly, constitutive expression of IL-22 has been described in the CNS (Zenewicz and Flavell, 2008; Dudakov et al., 2015) and immunohistochemical staining of human brain tissue has shown that IL-22 is present in both gray and white matter in healthy individuals (Perriard et al., 2015). Furthermore, IL-22 expression within the CNS has been demonstrated to increase following viral infection (Levillayer et al., 2007; Wang et al., 2012), and it is tempting to speculate that such increases result from local production of inflammatory cytokines. However, such a mechanism of induction has not been investigated, and the specific CNS cell type(s) responsible for constitutive and/or inducible IL-22 production have yet to be determined.

The functional receptor for IL-22 is a heterodimer composed of IL-22R1 and IL-10R2 (Zenewicz and Flavell, 2008; Dudakov et al., 2015; Figure 1), and binding of IL-22 to the IL-22R1 subunit allows for IL-10R2 to form a complex that initiates a signaling cascade (Dudakov et al., 2015). The IL-22 receptor is highly expressed in the pancreas, kidney, skin and liver, and expression can be further upregulated following stimuli such as S. aureus infection (Myles et al., 2013; Rutz et al., 2014; Dudakov et al., 2015). While early work failed to detect the presence of IL-22R1 in immune cells, subsequent studies have reported the induction of receptor subunit expression in myeloid cells following bacterial challenge and the ability of these cells to respond to IL-22 (Dhiman et al., 2009, 2014; Zeng et al., 2011). In the brain, BBB endothelial cells, astrocytes and glioblastoma cells have all been shown to constitutively express both the IL-22R1 and IL-10R2 subunits (Kebir et al., 2007; Akil et al., 2015; Perriard et al., 2015; Table 1). Interestingly, and in contrast to other myeloid cells, we have recently demonstrated that microglia constitutively express robust levels of the IL-22R1 protein (Burmeister et al., unpublished observations).

Decoy receptors are known to play an important role in regulating the effects of their associated cytokines, and IL-22 binding protein (IL-22BP) serves as a soluble decoy receptor for IL-22 by binding this cytokine with higher affinity than cell associated IL-22R1 (Martin et al., 2017). Leukocytes such as dendritic cells can release IL-22BP but the effects of higher decoy receptor expression, and hence lower levels of available IL-22, appear to vary according to the disease condition, with decreased disease severity in an animal model of psoriasis (Martin et al., 2017) and greater hepatic fibrosis in human schistosomiasis patients (Sertorio et al., 2015). These data therefore indicate that IL-22 can serve both detrimental and protective roles. In the CNS, IL-22BP expression is upregulated in the cerebral spinal fluid (CSF) of patients with active MS (Perriard et al., 2015) and mice deficient in the expression of IL-22BP show less severe disease in a mouse model of EAE (Laaksonen et al., 2014), while increased IL-22BP expression correlates with greater macrophage infiltration and more severe neuroinflammation in a rat EAE model. Together, these findings support the notion that IL-22 limits the damaging effects of CNS inflammation (Beyeen et al., 2010).

Like other IL-10 family members, binding of IL-22 to its transmembrane receptor initiates a JAK/STAT signaling cascade in target cells (Dudakov et al., 2015). Typically, tyrosine kinase 2 (Tyk2) and/or JAK1 activation is associated with IL-22 signaling, with subsequent promiscuous STAT phosphorylation (Lejeune et al., 2002). STAT1, STAT3 and STAT5 activation have all been reported following exposure to IL-22 (Lejeune et al., 2002; Dudakov et al., 2015). However, IL-22 has also been demonstrated to activate mitogen activated protein kinase (MAPK) and p38 pathways in keratinocytes and synovial fibroblasts (Ikeuchi et al., 2005; Andoh et al., 2009). Consistent with this, human glioblastoma cell lines exposed to IL-22 show increases in both STAT3 and Akt phosphorylation (Akil et al., 2015).

As reviewed elsewhere, IL-22 appears to contribute to host defense at peripheral sites (Zenewicz and Flavell, 2008; Ouyang et al., 2011; Rutz et al., 2014), while in the brain IL-22 can function as a cell survival factor as it protects glioblastoma cells from the apoptosis-inducing effects of serum starvation and Fas ligand exposure (Akil et al., 2015). Similarly, primary human astrocytes treated with IL-22 demonstrate increased survival rates following challenge with TNF-α (Perriard et al., 2015). However, IL-22 may also disrupt the integrity of BBB tight junctions by reducing the level of expression of occludin by endothelial cells, and promote the recruitment of CD4+ lymphocytes by elevating the production of CCL2 (MCP-1) by these BBB cells (Kebir et al., 2007). As such, IL-22 may either act in a protective manner or may exacerbate detrimental host immune responses.

Elevated IL-22 levels have been detected in the blood plasma of patients with peripheral inflammatory diseases such as psoriasis and Crohn’s disease (Wilson et al., 2010), and the severity of Guillain-Barré Syndrome (GBS) appears to correlate with CSF and plasma concentrations of this cytokine (Wilson et al., 2010). However, it is not known whether such elevations underlie these disorders or, rather, represent a compensatory response of the host to limit inflammatory damage. Within the CNS, it is similarly unclear whether IL-22 provides protection during MS/EAE (Beyeen et al., 2010; Laaksonen et al., 2014; Perriard et al., 2015). Increased levels of IL-22 protein have been reported in the serum, but not the CSF, of patients with active MS (Perriard et al., 2015), while IL-22 has been found to be expressed in the CNS early in the development of EAE in the rat (Almolda et al., 2011). The finding that IL-22 expression diminishes during resolution in this rodent model has been taken as an indication that it contributes to the inflammatory phase of this MS-like disease (Almolda et al., 2011). However, it is important to note that mice lacking IL-22 show no significant difference in the level of EAE-associated neuroinflammation, suggesting that this cytokine is not a major driving force for disease development (Kreymborg et al., 2007).

In an animal model of West Nile virus associated encephalitis, mice lacking IL-22 fail to show significant differences in protective IFN-β expression, but do exhibit elevated levels of the key inflammatory cytokines, TNF-α and IL-6, and have higher viral loads following intra-cranial administration (Wang et al., 2012). However, when such mice were infected through the foot pad, they demonstrated less viral dissemination to the brain, decreased inflammatory mediator production, reduced leukocytes recruitment to the CNS, and lower mortality, compared to that seen in wild type animals (Wang et al., 2012). As such, these seemingly contradictory findings may indicate a double-edged role for IL-22 in viral infections, where this cytokine promotes pathogen spread to the CNS, but also limits inflammatory damage within the brain once the BBB has been breached.



THE ROLE OF IL-20 AND IL-24 IN THE CNS REMAINS UNCLEAR

While a considerable amount of evidence supports the protective immunosuppressive effects of IL-10 and IL-19 within the CNS, and at least some evidence supports a similar function for IL-22 in the brain, the role of IL-20 and IL-24 at this site remain largely unknown. Whereas IL-20 was first identified based upon a gene sequence predicted to yield a helical protein structure similar to IL-10 (Blumberg et al., 2001), the discovery of IL-24 was based upon its ability to induce apoptosis in cancer cells (Wang and Liang, 2005; Persaud et al., 2016) and this protein remains the subject of extensive research as an oncolytic therapy (Fisher et al., 2003; Sauane et al., 2003; Fisher, 2005; Buzas et al., 2011; Persaud et al., 2016; Ma et al., 2018). These studies have extended to brain cancers, including neuroblastomas and IL-24 was found to induce apoptosis in these cells when overexpressed following gene delivery using viral vectors (Bhoopathi et al., 2017).

Both IL-20 and IL-24 are expressed in myeloid cells following stimulation with TLR ligands, activated TH2 lymphocytes (Wolk et al., 2002; Rutz et al., 2014), and non-leukocytic cells such as keratinocytes (Wolk et al., 2009; Martin et al., 2017). Interestingly, the expression of IL-20 and IL-24 by keratinocytes has been reported to be induced by IL-22 suggesting an ability of IL-10 family members to function in a cooperative manner (Wolk et al., 2009; Martin et al., 2017). However, there are few reports of the expression of these cytokines within the CNS. Hypoxia has been shown to induce the expression of IL-20 mRNA and protein by glioblastoma cells (Chen and Chang, 2009), while mixed primary glia show a rapid (within 2 h) and transient expression of mRNA encoding IL-20 following challenge with bacterial LPS (Hosoi et al., 2004). Similarly, we have reported the expression of IL-20 mRNA by murine astrocytes exposed to Neisseria meningitidis (Cooley et al., 2014; Table 1). While IL-24 mRNA expression has also been demonstrated in murine astrocytes following alphavirus infection (Das et al., 2015) or bacterial challenge (Cooley et al., 2014), our recent observations indicate that such expression is delayed with kinetics of induction that resemble IL-10 and IL-19 (Burmeister et al., unpublished observations). Additionally, pulsed electromagnetic field treatment following cerebral ischemia has been associated with upregulated mRNA encoding IL-24 within brain tissue at 7 days post-treatment (Pena-Philippides et al., 2014).

Neither IL-20 nor IL-24 signal via either of the IL-10R subunits (Zhang et al., 2000), but unlike the other members of the IL-10 cytokine family that have been discussed thus far, IL-20 and IL-24 can both signal through two different heterodimeric receptors, IL-20 receptor types 1 and 2, which are composed of IL-20R1 and IL-20R2, and IL-22R1 and IL-20R2 subunits, respectively (Ouyang et al., 2011; Rutz et al., 2014; Figure 1). As mentioned earlier, these receptor subunits are primarily expressed by non-hematopoietic cells, and have been reported to be present in microglia, astrocytes and an astrocytic glioblastoma (Dumoutier et al., 2001; Wolk et al., 2002; Cooley et al., 2014; Horiuchi et al., 2015; Perriard et al., 2015). Following cytokine binding, these receptors initiate JAK/STAT signaling pathways in the target cell. IL-20 and IL-24 utilizes JAK1 and STAT1 or, more predominantly, STAT3, in embryonic kidney cells and colonic epithelial cells (Dumoutier et al., 2001; Parrish-Novak et al., 2002; Andoh et al., 2009), and can also initiate the phosphorylation of ERK1/2 and p38 in keratinocytes (Andoh et al., 2009; Lee et al., 2013; Hsu et al., 2015). Similarly, glioblastoma cells exposed to IL-20 demonstrate phosphorylation of STAT3, ERK and Akt (Chen and Chang, 2009). To date, however, the signaling pathways activated in glial cells by IL-24 have not been defined.

Despite the reported expression of IL-20, IL-24 and their receptors by glial cells, little is known about the function of these cytokines within the CNS. In the periphery, elevated IL-20 and IL-24 levels have been detected in the serum of patients with chronic inflammatory disorders, such as Crohn’s disease, psoriasis and rheumatoid arthritis (He and Liang, 2010; Rutz et al., 2014), and genetic polymorphisms for these cytokines have been identified as risk factors for some of these chronic inflammatory diseases (Kumari et al., 2013; Khodakheir et al., 2017). Within the CNS, inhibition of IL-20 using a neutralizing antibody has been shown to limit the inflammatory damage associated with acute ischemic brain injury (Chen and Chang, 2009), and IL-20 exposure has been demonstrated to promote the release of the potent chemoattractants MCP-1 and IL-8 by a glioblastoma cell line (Chen and Chang, 2009). In contrast, we have recently shown that IL-24 can induce the expression of SOCS3, a signaling component that inhibits the effects of IL-6, in murine astrocytes and can attenuate inflammatory mediator production by these cells following bacterial challenge (Burmeister et al., unpublished observations). Furthermore, we have determined that IL-24 can also augment the expression of IL-10 by astrocytes following activation, providing another potential means by which this cytokine could limit neuroinflammation. Clearly, much further work is needed to define the apparently opposing actions of IL-20 and IL-24 on glial immune functions.



CONCLUDING REMARKS

Within the brain, it has become increasing apparent that glial cells contribute both to the maintenance of an immunoquiescent environment within the CNS, and to the initiation and progression of potentially damaging neuroinflammation. It is clear that both microglia and astrocytes can be a source of IL-10, and that they are responsive to the immunosuppressive actions of this cytokine (Jack et al., 2005; Bsibsi et al., 2006; Rasley et al., 2006; Park et al., 2007; Gautam et al., 2011; Gutierrez-Murgas et al., 2016). The kinetics of induction of IL-10 are consistent with a role in the resolution of glial inflammatory responses, and the association of human patient IL-10 gene polymorphisms with neuroinflammatory disorders support such a role (Martinez Doncel et al., 2002; Myhr et al., 2002; Talaat et al., 2016). Likewise, the preponderance of available evidence supports a similar function for IL-19, which demonstrates similar delayed kinetics of induction and can also limit inflammatory mediator production by glial cells (Cooley et al., 2014; Nikfarjam et al., 2014). However, the purpose of other IL-10 family members within the CNS is far less defined, with IL-22 being suggested to play a protective immunosuppressive role in some instances, and a detrimental pro-inflammatory function in others, perhaps reflecting the pleiotropic nature of these cytokines (Kebir et al., 2007; Beyeen et al., 2010; Laaksonen et al., 2014; Akil et al., 2015; Perriard et al., 2015). The limited information available for IL-24 suggests that it may act like IL-10 and IL-19, providing delayed protection during CNS inflammation, while IL-20 seems to contribute primarily to the inflammatory phase, demonstrating rapid induction kinetics (Hosoi et al., 2004).

However, it is evident that our current understanding of the role of IL-10 and the other members of this cytokine family within the CNS is limited at best. While it is clear that glia can be a significant source of IL-10, IL-19 and perhaps IL-20 and IL-24, and these resident CNS cells are responsive to their actions (as summarized in Figure 2), the functions of the IL-10 cytokine family in health and brain disorders have been understudied. Given the available evidence that IL-10 and its relatives are present in inflammatory diseases of peripheral organs and tissues, and that they exert a significant effect on the incidence and severity of such conditions, it is not unreasonable to assume that these cytokines are similarly important within the CNS during infection or other inflammatory brain disorders. Clearly, more research is warranted to define the actions of the IL-10 family within the CNS and their role in the regulation of neuroinflammation.


[image: image]

FIGURE 2. Members of the IL-10 family of cytokines are produced by glia in response to central nervous system (CNS) insult, either directly or in a delayed indirect manner, to exacerbate or limit neuroinflammation. Glial cells, including microglia (Mg) and astrocytes (Ast), respond to insult via pattern recognition receptors (PRRs), including cell surface and cytosolic receptors. Following activation, glia release pro-inflammatory cytokines, including IL-6, tumor necrosis factor-α (TNF-α), IL-20 and perhaps IL-22. These mediators act to promote the clearance of the initial insult by altering the integrity of the blood brain barrier (BBB) and recruiting leukocytes from the circulation. In addition, inflammatory mediators act in an autocrine and/or paracrine manner to promote the delayed expression of IL-10, IL-19 and IL-24 by glia. These cytokines act via their cognate receptors expressed by astrocytes and microglia, and perhaps oligodendrocytes (OD) and neurons (Neu), to curtail the inflammatory responses of these cells and/or recruited leukocytes.
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Microglia are the primary immune cells residing in the central nervous system (CNS), where they play essential roles in the health and disease. Depending on the CNS inflammatory milieu, they exist in either resting or activated states. Chronic neuroinflammation mediated by activated microglia is now considered to be a common characteristic shared by many neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s disease, and amyotrophic lateral sclerosis, which currently pose a significant socioeconomic burden to the global healthcare system. Accumulating evidence has indicated protein kinases (PKs) as important drug targets for therapeutic interventions of these detrimental diseases. Here, we review recent findings suggesting that selected PKs potentially participate in microglia-mediated neuroinflammation. Taming microglial phenotypes by modulating the activity of these PKs holds great promise for the development of disease-modifying therapies for many neurodegenerative diseases.
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INTRODUCTION

Human kinases primarily comprise phosphotransferase, which catalyzes the transfer of the γ-phosphoryl group of adenosine triphosphate (ATP) to the hydroxyl group of a tyrosine (Tyr), serine (Ser), threonine (Thr), or histidine (His) residue of proteins and other target molecules including lipids and sugars. The kinases are known to regulate a multitude of cellular signaling pathways such as cell proliferation, survival, growth, apoptosis, differentiation, cytoskeletal rearrangement, metabolism, and angiogenesis. Aberrant kinase activity is linked to a wide range of diseases including neoplastic diseases, central nervous system (CNS) disorders, vascular disorders, and chronic inflammatory diseases. Except for only one protein His kinase and a couple of dual-specificity protein kinases (PKs) capable of phosphorylating both Tyr and Ser/Thr residues on their target molecules, PKs broadly fall into two groups: the protein Tyr kinases (PTKs) and the Ser- and Thr-specific PKs (SPKs) (Rask-Andersen et al., 2014). While the SPKs constitute a majority of the PKs, the PTKs serve as important drug targets due to their strong association of gain and/or loss of function mutations with various diseases. It is noteworthy that most of the US FDA-approved kinase inhibitors are PTK inhibitors for cancer indications, but not for CNS indications (Gunosewoyo et al., 2017).

Microglia are primary immune cells residing in the CNS, where they play key roles in the development and function of a normal healthy brain. Under normal physiological conditions, ramified microglia constantly monitor the brain microenvironment in search of the presence of tissue damage and pathogen infections by continuously protruding and retracting their long processes. In addition to this surveillant function, microglia exert a phagocytic function to detect and rapidly eliminate degenerating neurons, resulting in the prevention of further detrimental effect on neighboring cells. This microglial phagocytic function is known to be crucial for synapse maturation (Paolicelli et al., 2011; Schafer et al., 2012; Gomez-Nicola and Perry, 2015). Moreover, microglia are directly or indirectly involved in the modulation of neuronal activity at the synapse, and influence myelination and neurogenesis by delivering signals in primary myelinating areas of the developing brain (Wlodarczyk et al., 2017). However, depending on encountered stimuli, microglia are activated and undergo significant changes in their function and morphology. Morphologically, they change to a rounded amoeboid form with shortened processes from a ramified form with long processes. Functionally, they result in either ‘classical’ pro-inflammatory or ‘alternative’ anti-inflammatory phenotypes (Arcuri et al., 2017; Kabba et al., 2018). Although neurons, oligodendrocytes, and astrocytes also play important roles in CNS inflammatory responses, it is currently viewed that chronic inflammation mediated by microglia predominantly contributes to many CNS disorders (Glass et al., 2010; Ransohoff, 2016b; Shabab et al., 2017).

Several recent review articles have shed light on the PKs as attractive drug targets for many diseases in the CNS. However, they primarily focused on PKs in neurons (Chico et al., 2009; Martin et al., 2013; Tell and Hilgeroth, 2013; Dzamko et al., 2014; Mehdi et al., 2016; Gunosewoyo et al., 2017), rather than those in microglia (Lee and Suk, 2017). Here, we briefly review recent findings on selected microglial PKs involved in microglia-mediated neuroinflammation (Figure 1), a common underlying mechanism of many neurodegenerative diseases including Parkinson’s disease (PD), Alzheimer’s disease (AD), and amyotrophic lateral sclerosis (ALS).
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FIGURE 1. Selected microglial protein kinases involved in microglia-mediated neuroinflammation and neurodegenerative diseases. In addition to progressive neuronal damage and death, it is now evident that chronic neuroinflammation mediated by microglia is another common hallmark shared by neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS). Selected protein kinases (PKs) involved in microglia-mediated neuroinflammation are presented here, and these PKs can be targeted to tame microglial phenotypes favorable for disease-modifying treatments. In general, activated receptor interacting protein kinase 1 (RIPK1), a serine (Ser)/threonine (Thr) PK, interacts with and phosphorylates RIPK3, forming a RIPK1/RIPK3-containing complex, which is known as a “ripoptosome.” Activated RIPK3, in turn, recruits and phosphorylates mixed lineage kinase domain-like protein (MLKL), promoting MLKL oligomerization and subsequent translocation into the plasma membrane, leading to direct pore formation and the initiation of necroptosis. In animal models of AD [APP/ PS1 transgenic mice] and ALS [optineurin (Optn) knockout mice (KO) and mSODG93A mice], activated RIPK1 (either by Aβ1-42 peptide or by the presence of Optn KO or mSODG93A) mediates inflammatory responses rather than necroptosis in microglia (Ito et al., 2016; Ofengeim et al., 2017). In addition, axonal myelination defects were observed in ALS mouse models and elevated levels of hallmarks of necroptosis were detected in microglia in postmortem cortical samples from AD patients. Treatment with Nec-1s, a highly selective and central nervous system-permeable RIPK inhibitor, was demonstrated to inhibit microglia-mediated inflammation (Ito et al., 2016). Reactive oxygen species (ROS) derived from oxidative stress were found to activate nucleotide oligomerization domain (NOD)-like receptor protein (NLRP3) inflammasome via cellular Abelson murine leukemia viral oncogene homolog 1 (c-Abl) activation, resulting in the release of primarily interleukin (Iβ)-1b and IL-18 (Lawana et al., 2017). Treatment of microglia with dasatinib, a dual c- Abl/c-Src kinase inhibitor, was demonstrated to inhibit NLRP3-mediated release of pro-inflammatory factors including IL-1bβ, IL-18, ROS, nitric oxide (NO), and tumor necrosis factor-α (TNF-α). A strong correlation between inflammasomes and neurological disorders including AD, PD, and multiple sclerosis (MS) has been implicated in many recent studies (Lang et al., 2018). Both spleen tyrosine kinase (SYK) and Janus kinase (JAK), intracellular tyrosine (Tyr) PKs were also found to be associated with microglia-mediated neuroinflammation upon lipopolysaccharide (LPS) stimulation (Zeng et al., 2014). DSF-27, a novel sesquiterpene dimmer isolated from the medicinal plant, Artemisia argyi, was demonstrated to inhibit LPS-induced activation of SYK and JAK signaling pathways, resulting in a reduction in TNF-α, IL-1β, IL-6, and NO levels. Treatment with AG490, a specific inhibitor of JAK2, was found to inhibit LPS-induced NO production (Inoue et al., 2016; Asai et al., 2018). Dual-specificity tyrosine phosphorylation-related kinase 2 (DYRK2) is an intracellular Ser/Thr kinase localized in both the nucleus and the cytoplasm. It was demonstrated to translocate to the nucleus and interact with multiple kinases downstream of LPS stimulation, thereby regulating the production of pro-inflammatory molecules such as TNF-α and IL-1β. Unlike the other kinases presented here, the basal activity of both Receptor D’Origine Nantais (RON) and serum- and glucocorticoid-inducible kinase 1 (SGK1), boxed with the dotted line, were demonstrated to be involved in the anti-inflammatory process in microglia. RON, a receptor tyrosine kinase, is activated by its ligand, macrophage-stimulating protein (MSP), resulting in the promotion of anti-inflammatory responses and subsequent tissue repair (Dey et al., 2018). SGK1, an intracellular Ser/Thr kinase, was found to inhibit LPS-induced activation of microglia. Aβ, amyloid beta; ROT, rotenone; APP, Amyloid Precursor Protein; PS1, Presenilin 1; Nec-1s, necrostatin-1s.





MICROGLIA-MEDIATED NEUROINFLAMMATION

The incidence of neurodegenerative diseases, including AD, PD, and ALS, is growing worldwide, thereby posing a considerable social and economic burden to the global healthcare system (Gitler et al., 2017). One of the common characteristics shared by these diseases is the loss of a specific population of neurons. AD is caused by the progressive loss of not only pyramidal neurons in the hippocampus and cortex, but cholinergic neurons in the basal forebrain. PD is caused by the progressive degeneration of dopamine neurons in the substantia nigra (SN) pars compacta of the midbrain as well as in other brain areas. ALS is characterized by the loss of motor neurons in the primary motor cortex, brainstem, and spinal cord (Ransohoff, 2016b; Lee and Suk, 2018). However, loss of neurons is not the only characteristic of neurodegenerative diseases. Accumulating evidence implies that neuronal degeneration may activate glial cells such as microglia, astrocytes, and oligodendrocytes, resulting in amplification of neuroinflammation. It is now widely accepted that microglia-mediated chronic inflammation is responsible for the progressive loss of neurons and serves as another hallmark common to neurodegenerative and neurodevelopmental diseases (Glass et al., 2010; Mosher and Wyss-Coray, 2014; Ransohoff, 2016b; Shabab et al., 2017). Furthermore, microglia-induced neurotoxicity as well as oxidative stress are also considered as other common pathological features shared by virtually all neurodegenerative diseases (Lee and Suk, 2018).

Microglial activation is often classified as either ‘classical’ or ‘alternative’ (Jha et al., 2016). ‘Alternative’ activation of microglia is induced by various cytokines [interleukin-4 (IL-4), IL-10, and IL-13], or immune complexes or apoptotic cells, resulting in the production of anti-inflammatory cytokines (IL-10 and transforming growth factor β), neurotrophic and growth factors (Jha et al., 2016; Gosselin et al., 2017). Thus, alternatively activated microglia refers to a beneficial and neuroprotective phenotype, functioning to resolve inflammation, to promote brain repair, and to eliminate cellular debris. In contrast, ‘classical’ activation of microglia is induced by lipopolysaccharide (LPS), ATP, interferon (IFN)-γ, and granulocyte-macrophage colony-stimulating factor, resulting in the production of pro-inflammatory cytokines [tumor necrosis factor-α (TNF-α), IL-1β, IL-6, and IL-18] and chemokines. In addition, they secrete oxidative stress-related molecules [nitric oxide (NO), reactive oxygen species (ROS), and superoxide anions]. Thus, classically activated microglia often refers to a neurotoxic and destructive phenotype, aggravating neuroinflammation and brain damage (Jha et al., 2016; Lee and Suk, 2018).

While the contributing roles of these two microglial phenotypes in neuroinflammation have been widely presented, microglia exhibit a high degree of heterogeneity (Jha et al., 2016). Depending on the brain area and the disease stages, both microglial phenotypes simultaneously exist in the same pathological brain. Moreover, the presence of more complex and distinct phenotypes of microglia has recently been reported (Bisht et al., 2016; Keren-Shaul et al., 2017; Krasemann et al., 2017). Indeed, in vivo activation status of microglia is more likely a continuum of these two phenotypes. Thus, simple classification of microglial activation as either classical or alternative, often referred to as M1 or M2, respectively, does not adequately reflect the complexity of microglial activation. Nonetheless, therapeutic strategies targeting neuroinflammation mediated by microglia are currently focused on the development of glial phenotype modulators (GPMs) that promote the M2 phenotype while suppressing the M1 phenotype of activated microglia (Ransohoff, 2016a; Song and Suk, 2017; Suk, 2017; Lee and Suk, 2018) (Figure 2).
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FIGURE 2. Taming of microglia toward disease-modifying therapy. Pro-inflammatory microglia exert neurotoxic effects, while anti-inflammatory microglia are often neurotrophic and neuroprotective. Protein kinase-based modulation of microglial phenotypes from pro-inflammatory to anti-inflammatory may form the basis of disease-modifying therapy.





PROTEIN KINASES IN MICROGLIA-MEDIATED NEUROINFLAMMATION

For the last two decades, PKs have been intensively pursued by both pharmaceutical industries and academia as attractive drug targets for not only cancer, but also inflammatory, infectious, degenerative, metabolic and cardiovascular diseases. However, most of kinase inhibitors have been approved for cancer indications rather than CNS indications (Gunosewoyo et al., 2017). Nonetheless, an increasing number of PKs have emerged as potential drug targets for CNS disorders (Chico et al., 2009; Gunosewoyo et al., 2017; Lee and Suk, 2017). Thus, this review summarizes selected PKs that are potentially involved in microglial activation and concomitant induction of neuroinflammation (Figure 1).

Receptor Interacting Protein Kinases

The receptor interacting protein kinase (RIPK) family contains seven members: RIPK1, RIPK2, RIPK3, RIPK4, RIPK5, RIPK6, and RIPK7. All members of the RIPK family contain an N-terminal Ser/Thr kinase domain (KD) (Ekdahl, 2012). Besides N-terminal KD, RIPK1 has a death domain (DD) and a bridging intermediate domain (ID) harboring an RIP homotypic interaction motif (RHIM) at the C-terminus, while RIPK2 has a caspase activation and recruitment domain (CARD) and ID without an RHIM at the C-terminus. RIPK3 contains a unique C-terminal sequences harboring an RHIM but lacks an ID. Both RIPK4 and RIPK5 contain ankyrin domains and an ID at the C-terminus. Both RIPK6 and RIPK7, which are structurally distant from the other family members, have several unique domains such as leucine-rich repeat (LRR) regions. Thus, RIPK6 and RIPK7 also refer to LRR kinase 1 (LRRK1) and 2 (LRRK2), respectively (Humphries et al., 2015). While there is currently a limited understanding of the physiological functions of RIPK4 – RIPK7, numerous studies have reported the important molecular and physiological roles of RIPK1 – RIPK3 in inflammation and cell death (Ślusarczyk et al., 2018). RIPK1 is now recognized as a master regulator of necroptosis, a regulated cell death characterized by loss of cell membrane integrity, swelling of cytoplasm and organelle, lack of DNA fragmentation, mitochondrial dysfunction and cellular collapse, resulting in deleterious signaling pathways downstream of type 1 TNF- α receptor (TNFR1). Upon TNF-α stimulation, caspase-8 activation is known to induce apoptosis. However, when caspase-8 dependent apoptosis is defective, RIPK1 is recruited to the intracellular DD of TNFR1 and interacts with RIPK3, inducing phosphorylation of RIPK3 and formation of an RIPK1/RIPK3-containing complex, which is known as complex IIb (Cho et al., 2009; He et al., 2009). RIPK3, then, initiates necroptosis by recruiting and phosphorylating mixed lineage kinase domain-like protein (MLKL), which is oligomerized and inserted into the plasma membrane to form pores (Figure 1) (Sun et al., 2012; Cai and Liu, 2014; Wang et al., 2014).

Recent studies have demonstrated that microglial RIPK1-mediated necroptosis is closely associated with the pathogenesis of AD and ALS. Ofengeim et al. (2017) reported for the first time that inhibition of RIPK1 kinase activity is effective in alleviating inflammation mediated by microglia in vitro and in mouse models of AD. This study demonstrated that elevated levels of RIPK1 were detected in microglia in postmortem cortical samples from AD patients as well as in amyloid precursor protein (APP)/presenilin 1 (PS1) transgenic (Tg) mouse model of AD. In addition, the levels of phosphorylation of RIPK1 on the Ser166 residue, a marker for RIPK1 autophosphorylation and activation, was found to be elevated in primary microglia treated with the Aβ1-42 peptide. Either treatment of Nec-1s, a selective and CNS-permeable RIPK1 inhibitor, or by introduction of a kinase dead mutation of RIPK1 (RIPK1D138N/D138N) was shown to reduce pro-inflammatory cytokines (TNF-α and IL-6) in primary microglia in response to the Aβ1-42 peptide as well as in the CNS of APP/PS1 Tg mice. Interestingly, memory deficits of APP/PS1 Tg mice was significantly improved by administration of Nec-1s or by genetic inhibition of RIPK1. By analyzing the transcriptional profiles of APP/PS1 microglia, this study revealed that RIPK1 in primary microglia is involved in the upregulation of Cst7 and Ch25h, which were previously identified in adult microglia obtained from animal models of AD (the 5xFAD Tg mice) and ALS (the mSOD1G93A Tg mice), as well as aged mice. Ch25h encodes an enzyme on the cell surface responsible for cholesterol and lipid metabolism, and was previously demonstrated as a point of focus in genome-wide association studies of AD (Wollmer, 2010). Cst7 encodes Cystatin F, an endosomal/lysosomal cathepsin inhibitor, and was recently identified as one of the markers for disease-associated microglia (DAM), which is a newly characterized microglial phenotype found in the diseased brain (Papassotiropoulos et al., 2005; Keren-Shaul et al., 2017). This RIPK1-mediated induction of Cst7 was demonstrated to impair lysosomal trafficking of microglia, resulting in reduced clearing of Aβ. Administration of Nec-1s lowered Cst7 expression levels in APP/PS Tg mice (Ofengeim et al., 2017).

Ito et al. (2016) recently demonstrated that microglial RIPK1 can provoke toxicity of motor neuron axons by using optineurin (Optn) knockout (KO) mice as a model of ALS. The functional loss of OPTN has been associated with both familial and sporadic cases of ALS (Beeldman et al., 2015). The authors found that the Optn N KO mice exhibited enhanced levels of multiple necroptotic markers [RIPK1, RIPK3, phosphorylation of MLKL (p-MLKL), and the complex IIb] both in the spinal cords and in the mouse embryo fibroblasts. Interestingly, it was demonstrated that Optn KO microglia exhibited increased p-RIPK1 on Ser14 and Ser15 residues, indicators of activated RIPK1, compared to that in wild-type (WT) microglia, and that this increased level of p-RIPK1 was inhibited by Nec-1s treatment and by RIPK1D138N/D138N. In addition, the Optn KO mice showed elevated levels of several pro-inflammatory cytokines in the spinal cords, but not in those of the Optn KO mice carrying RIPK1D138N/D138N. Since microglia express little MLKL, but increased p-RIPK1 levels, the authors suggested that RIPK1 promotes pro-inflammatory signaling, rather than cell death. By performing RNA sequencing on primary microglia obtained from WT, Optn KO mice, and Optn KO mice carrying RIPK1D138N/D138N, this study revealed that elevated levels of apoptosis, CD14 and CD86, indicators of the pro-inflammatory state, and axonal myelination defects found in Optn KO mice were not shown in Optn KO mice carrying RIPK1D138N/D138N or by administration of Nec-1s. These results were further confirmed in mSODG93A Tg mice. Lastly, this study demonstrated that necroptotic markers (RIPK1, MLKL, p-RIPK1, pMLKL, and RIPK3) were also elevated in both microglia and oligodendrocytes in human ALS samples. Collectively, this study suggests that microglial RIPK1 plays a crucial role in inducting inflammatory signaling pathways in ALS.

Given that the level of RIPK1 expression is higher than that of RIPK3 in activated microglia, RIPK1 inhibition may be an effective approach to attenuate microglia-mediated inflammatory responses. In addition, considering that RIPK1 is involved in signaling pathways downstream of TNFR1, rather than TNFR2, inhibiting RIPK1 may provide a novel approach to selectively target the detrimental cellular activities mediated by TNFR1 signaling pathways (Dhib-Jalbut and Kalvakolanu, 2015).

Cellular Abelson Murine Leukemia Viral Oncogene Homolog 1

Cellular abelson murine leukemia viral oncogene homolog 1 (c-Abl) (ABL1) is a member of the Abl family, which also comprises the Abl-related gene (Are or ABL2) as a member. c-Abl is known to be activated by diverse stimuli including oxidative stress, DNA damage, growth factors, and cell adhesion, thereby affecting various cellular activities including cell growth, survival, motility, proliferation, cytoskeleton reorganization, DNA repair, receptor endocytosis, autophagy, and oxidative stress (Gonfloni et al., 2012; Lindholm et al., 2016). Earlier studies have provided evidence that c-Abl plays multiple roles in neuronal development by positively regulating synapse formation, neurulation, and dendrogenesis (Schlatterer et al., 2011), and that aberrant activation of c-Abl is shown to be associated with AD and PD (Derkinderen et al., 2005; Ko et al., 2010; Tremblay et al., 2010; Imam et al., 2011; Gonfloni et al., 2012; Lindholm et al., 2016). Indeed, accumulating evidence has implied the beneficial effect of c-Abl inhibition for patients with AD and PD (Schlatterer et al., 2011; Karuppagounder et al., 2014; Mahul-Mellier et al., 2014; Brahmachari et al., 2016). Nilotinib, an FDA-approved Abl inhibitor for patients with chronic myeloid leukemia, are currently undergoing phase II clinical trials for both AD and PD (Lee and Suk, 2017). Nonetheless, there are limited studies regarding the function of c-Abl in the microglia-mediated neuroinflammatory process in AD and PD (Deleidi et al., 2010; Field et al., 2010; Dhawan and Combs, 2012; Cheng et al., 2017; Lee and Suk, 2017).

Inflammasomes are multiprotein complexes assembled in response to damage signals and invading pathogens. They are presently categorized into two families: the protein family containing pyrin and hematopoietic-interferon-inducible nuclear antigens with 200 amino-acid repeats domain and the nucleotide oligomerization domain (NOD)-like receptor protein (NLR) protein family phylogenetically containing three subfamilies: NODs, IPAF, and NLRPs. Among 14 members of NLPRs, the most well characterized inflammasome is NLRP3 inflammasome consisting of NLRP3, the apoptosis associated speck-like protein containing a CARD domain, and pro-caspase-1 (Rubartelli, 2014; Lang et al., 2018). The NLRP3 inflammasome is tightly controlled and induced by two steps. The first step is the transcriptional induction of pro-IL-1β and NLRP3 by activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) via Toll-like receptors (TLRs) or NOD2 signaling. The second step is the formation of the NLRP3 inflammasome complex and subsequent production of mature IL-1β and IL-18 processed by caspase-1 (Ozaki et al., 2015).

Lawana et al. (2017) recently reported that c-Abl is involved in microglial activation of the NLRP3 inflammasome in a BV-2 immortalized murine microglial cell line (Bocchini et al., 1992). This study demonstrated that compared to BV-2 cells treated with either LPS or rotenone (ROT), a mitochondrial electron transport chain inhibitor, LPS-primed BV-2 cells treated with ROT (LPS/ROT) exhibited a significant increase in NLRP3 inflammasome markers (NLRP3, mature caspase-1, and IL-1β), pro-inflammatory cytokines (TNF-α, IL-1 β, and IL-18), NO and mitochondrial ROS, but a decrease in mitochondrial membrane potential. These results suggest that elevated mitochondrial ROS by LPS/ROT may promote activation of microglia through induction of NLRP3 inflammasome. In addition, this study found that LPS/ROT-treated BV-2 microglial cells displayed a robust induction of both c-Abl phosphorylation on Tyr245 and Tyr412 residues (p-c-Abl), indicators of c-Abl activation, and protein kinase C (PKC)-δ phosphorylation (p-PKC-δ), a downstream mediator of c-Abl activation, while pretreatment with mitochondria-targeted ROS scavengers significantly reduced the levels of p-c-Abl and p-PKC-δ and production of ROS, IL-1β, and IL-18. Interestingly, inhibition of c-Abl by either c-Abl-specific siRNA or pretreatment with dasatinib, a dual kinase inhibitor of both c-Src and c-Abl, reversed the effects of LPS/ROT treatment. Thus, these data suggest that ROT-induced oxidative stress triggers c-Abl activation, leading to exacerbation of LPS-mediated induction of NLRP3 inflammasomes in microglia.

It was also demonstrated that primary microglia stimulated by LPS/ROT exhibited a drastic augmentation of NLRP3 in the mitochondria compared to the control, while dasatinib pretreatment inhibited NLRP3 trafficking to the mitochondria. These data imply that c-Abl inhibition may attenuate ROT-mediated mitochondrial dysfunction, resulting in redistribution of NLRP3 to mitochondria in LPS-primed cells. In addition, this study also showed that LPS/ROT-treated BV-2 cells exhibited a significant increase in NF-κB nuclear translocation and concomitant upregulation of NF-κB-regulated genes including IL-1β, IL-18, and NO, while dasatinib pretreatment markedly attenuated NF-κB activation. These results indicate that the anti-inflammatory effects mediated by dasatinib might, in part, result from inhibition of c-Abl/NF-κB signaling pathways, thereby influencing the NLRP3 inflammasome-mediated pro-inflammatory signaling cascade. Moreover, this study found a sustained and dramatic increase in microtubule-associated proteins 1A/1B light chain 3B, Beclin1, and p62 levels in not only BV-2 cells, but also in primary microglial cells treated with LPS/ROT, compared to that in control cells. However, dasatinib pretreatment and c-Abl siRNA transfection attenuated the increases in these autophagic markers. Furthermore, LPS/ROT-treated BV-2 cells exhibited a marked reduction in lysosomal acidification and transcription factor EB (TFEB) expression levels compared to control cells, while dasatinib pretreatment restored lysosomal acidification and the levels of TFEB expression. These observations suggest that ROT-mediated perturbation of autophagic flux might be further aggravated by LPS. In a neuron-glia co-culture system, it was demonstrated that sequential treatment with LPS/ROT caused a significant increase in p-c-Abl and p-PKC-δ levels and the loss of tyrosine hydroxylase (TH)+ cells, while dasatinib restored the loss of TH levels. In addition, dasatinib administration was shown to reduce the expression of NLRP3, mature caspase-1, IL-1β, and ionized calcium-binding adapter molecule-1 in the SN of LPS-induced neuroinflammatory mouse model of PD. Likewise, LPS-induced hyperphosphorylation of c-Abl kinase and PKC-δ as well as induction of autolysosomal markers were ameliorated by dasatinib treatment in the SN of these mice. Lastly, it was demonstrated that sickness behavior as well as motor function of these mice were also improved by dasatinib treatment.

Taken together, this study for the first time suggested that LPS priming and subsequent ROT stimulation induces ROS-dependent aberrant c-Abl activation, thereby exacerbating NLRP3 inflammasome signaling and amplifying the microglial activation response. Indeed, a study showing that microglial expression of IL-1β and IL-18 depends on NLRP3 inflammasomes supports the findings of this study (Gustin et al., 2015). Moreover, a strong correlation between inflammasomes and neurological disorders including AD, PD, and multiple sclerosis (MS) has been reported in many recent studies (Lang et al., 2018). Thus, targeting c-Abl may be an effective therapeutic option for the modulation of inflammasomes and neurotoxicity.

Spleen Tyrosine Kinase and Janus Kinase 2

Janus kinase 2 (JAK2) belongs to the JAK kinase family comprising four members: JAK1, JAK2, JAK3, and TYK2. It is involved in various cellular signaling activities induced by the activation of diverse receptor families including the type II cytokine receptor family, granulocyte-macrophage colony-stimulating factor receptor family, gp-130 receptor family, and the single chain receptors (Hebenstreit et al., 2005). Spleen tyrosine kinase (SYK), a member of the SYK family comprising SYK and Zeta-chain-associated protein kinase 70, plays a key role in the signaling cascade mediated by immunoreceptors such as B-cell and T-cell receptors (Frommhold et al., 2007; Mócsai et al., 2010). In addition, SYK is known to be recruited to the TLR-associated receptor complex, and thereby contributes to phagocytosis and cytokine expression in various immune cells (Miller et al., 2012). Several previous studies have provided evidence of the involvement of SYK and JAK2 in microglia-mediated inflammatory responses (Combs et al., 1999; Kacimi et al., 2011; Cunningham et al., 2012; Minogue et al., 2012)

A recent study has further indicated the contributing roles of SYK- and JAK-mediated signaling in microglia upon LPS stimulation (Zeng et al., 2014). This study demonstrated that LPS-treated BV-2 cells exhibit an increase in SYK phosphorylation, but pretreatment of DSF-27, a sesquiterpene dimmer compound isolated from Artemisia argyi, reversed this increase. In addition, it was found that BV-2 cells treated by either SYK-specific siRNA or DSF-27 pretreatment showed a reduced NO production and phosphorylation of AKT/NF-κB upon LPS stimulation, compared to control cells, suggesting that SYK activation is involved in LPS-mediated AKT/NF-κB activation. In line with these results, DSF-27 pretreatment was shown to inhibit the expression of various inflammatory factors induced by LPS. Considering that both SYK and AKT is potentially involved in the signaling pathways downstream of TREM2, a critical receptor required for DAM activation (Xing et al., 2015; Mecca et al., 2018), future studies should investigate whether both SYK and AKT may contribute to the function of DAM (Mecca et al., 2018).

The study also demonstrated that phosphorylation of JAK2 and signal transducer and activator of transcription 3 (STAT3) was significantly decreased in LPS-treated BV-2 cells by DSF-27 pretreatment. In addition, treatment with AG490, a specific inhibitor of JAK2, was shown to suppress induction of STAT3 and NO in LPS-treated BV-2 cells. Thus, these data suggest that JAK2 exerts its pro-inflammatory effect on microglia after LPS stimulation, and the anti-inflammatory effect of DSF-27 is in part mediated by inhibition of JAK2. It was also shown that DSF-27 treatment suppressed phosphorylation of both extracellular-signal-regulated kinase (ERK) and p38, and that treatment of BV-2 cells with specific inhibitors of these kinases lowered LPS-induced phosphorylation of JAK2 and STAT3 and release of NO. These results imply that both ERK and p38 may function as potential upstream kinases regulating JAK2/STAT3 signaling pathways in microglia. Lastly, in co-culture systems of primary cortical neurons and microglia as well as midbrain neurons and microglia, this study demonstrated that DSF-27 attenuates neuronal degeneration, suggesting a protective role of DSF-27 against microglia-mediated neuronal injury.

Since IL-6 could activate the JAK2/STAT3 signaling pathway, which could induce TNF-α release, resulting in activation of the SYK/NF-κB signaling pathway, both the SYK and JAK2 pathways could promote activation of each other, thereby enhancing the inflammatory responses. Taken together, this study indicates that regulation of the SYK and JAK2/STAT3 signaling pathways could be an effective therapeutic approach for the containment of microglia-mediated neuroinflammation and neurotoxicity (Chiba et al., 2009).

Serum- and Glucocorticoid-Inducible Kinase 1

Serum- and glucocorticoid-inducible kinase 1 (SGK1) belongs to SGK family comprising three members: SGK1, SGK2, and SGK3. Its expression is regulated by serum and a wide variety of hormones including glucocorticoids (Lang et al., 2006). Although the detailed distribution and function remains unknown, all SGK family members are detected in the CNS (Kobayashi and Cohen, 1999). It has been reported that SGK1 was detected in neurons, astrocytes, oligodendrocytes, and a minor proportion of microglia (Wärntges et al., 2002; Miyata et al., 2011; Slezak et al., 2013). Previous studies have suggested that SGKs play significant roles in neutrophils, Th17 cells, and dendritic cells (Kleinewietfeld et al., 2013; Burgon et al., 2014; Schmid et al., 2014). However, biological functions of SGKs in microglia have been less studied.

Inoue et al. (2016) recently reported that all three members of the SGK family are detected in the mouse cerebral cortex, while SGK1 and SGK3 are detected in several cell lines of microglia including BV-2 and N9. This study revealed that treatment with gsk650394, a pan-SGK inhibitor, significantly inhibited the cellular viability of both BV-2 and N9 cells, suggesting the involvement of basal SGK activity in the maintenance of microglial viability. Pretreatment with gsk650394 further enhanced LPS-mediated translocation of NF-κB and production of pro-inflammatory molecules, including iNOS, NO, and TNF-α in BV-2 cells, and NO production in N9 cells compared to that in untreated control cells. Thus, these results indicate that basal SGK activity is likely associated with the suppression of inflammatory responses of microglial cells.

The same group recently reported the pivotal role of Sgk1 in inhibiting pathological activation of microglia by using Sgk1 KO (Sgk1-/-) BV-2 cells, which were created using the clustered regulatory interspaced palindromic repeats/Cas9 system (Asai et al., 2018). This study indicated that functional abolition of Sgk1 in BV-2 cells resulted in amoeboid morphology as well as increased levels of CD68 expression, which are characteristics of activated microglia. Furthermore, LPS-mediated iNOS expression was enhanced in Sgk1-/- BV-2 cells compared with WT BV-2 cells, indicating that disruption of Sgk1 promotes microglial activation. In addition, this study found that Sgk1-/- BV-2 cells proliferate more rapidly than WT BV-2 cells, as demonstrated in a previously study using gsk650394, suggesting that Sgk1 is involved in cellular proliferation. Moreover, compared to that in WT BV-2 cells, Sgk1-/- BV-2 cells exhibited significantly lower AKT phosphorylation and higher ATP susceptibility. Since it has been reported that high doses of ATP repress AKT signaling in microglia and other cells (Bian et al., 2013; Hao et al., 2013), this study assumed that increased susceptibility of Sgk1-/- BV-2 cells to ATP may be at least due to the lower activity of AKT signaling.

Collectively, this study suggests that basal activity of microglial SGK may participate in the inhibition of microglia-mediated neuroinflammation. However, given that SGK1 is implicated in diverse neuronal functions (Lang et al., 2009), preferential targeting of SGK1 in microglia, but not in other cells in the CNS, may clarify the potential in vivo role of basal microglial Sgk1 activity in anti-inflammatory responses in the future.

Dual-Specificity Tyrosine Phosphorylation-Related Kinase 2

The dual-specificity kinases are able to catalyze phosphorylation of not only Ser/Thr residues in their substrates, but also a single Tyr residue in their own activation loop (Becker and Joost, 1999). Dual-specificity tyrosine phosphorylation-related kinase 2 (DYRK2) belongs to the dual-specificity tyrosine phosphorylation-related kinase (DYRK) family comprising five members: DYRK1A, DYRK1B, DYRK2, DYRK3, and DYRK4. It has been previously reported that DYRK2 primes c-Jun and c-Myc phosphorylation in cancer cells and controls p53 phosphorylation on the Ser46 residue upon DNA damage (Yoshida, 2008; Taira et al., 2012; Sun et al., 2017). DYRK2 has also been demonstrated to negatively regulate Type I IFN signaling by promoting TNF receptor associated factor family member-associated NF-κB activator-binding kinase 1 (TBK1) degradation via phosphorylation of TBK1 at the Ser527 residue. Since TBK1 is a downstream molecule of TLR4, which is involved in the activation of NF-κB and the induction of pro-inflammatory cytokine expression (Möser et al., 2015), the potential role of DYRK2 in inflammatory responses has been suggested (An et al., 2015).

A recent study explored the potential role of Dyrk2 in LPS-induced activation of microglia (Xu et al., 2018). This study demonstrated that Dyrk2 is localized in the nucleus, but mainly in the cytoplasm of BV-2 cells. In the course of LPS stimulation for 6 h, this study found that the Dyrk2 level was gradually decreased in the cytoplasm, but increased in the nucleus. The phosphorylation of the NF-κB subunit, p65 (p-p65), remained unchanged in the nucleus, but gradually increased in the cytoplasm for 3 h and later decreased. However, the level of p38 phosphorylation (p-p38) was enhanced in both the cytoplasm and the nucleus. This study also demonstrated that Dyrk2 overexpression in BV-2 cells significantly increased the levels of p-p65, p-AKT, and p-p38 after LPS stimulation, implying that DYRK2 is involved in phosphorylation of these molecules. Interestingly, however, it was found that Dyrk2 overexpression reduced the expression of TNF-α and IL-1β. Considering a previous report demonstrating that AKT activation in microglia is associated with anti-inflammatory effects (Kalantari et al., 2017), it is suggested that decreased production of these cytokines by Dyrk2 overexpression is likely due to AKT activation. Since AKT activation also appears to be modulated by TREM2 or CX3CR1 in microglia (Mecca et al., 2018), a contributing role of DYRK2 in AKT activation mediated by these receptors remains to be further studied in the future. It was also found that Dyrk2 selectively interacted with p38 in the nucleus, while it interacted with AKT, p38, and the NF-κB p65 subunit in the cytoplasm of BV-2 cells.

Although the exact mechanisms underlying the direct or indirect influence of DYRK2 on phosphorylation of these molecules and how DYRK2 is activated or translocated to the nucleus upon LPS stimulation remain to be further investigated, this study implies that DYRK2 is likely involved in phosphorylation of multiple molecules downstream of LPS stimulation, and thereby regulates the production of pro-inflammatory molecules.

Receptor D’Origine Nantais

Receptor D’Origine Nantais (RON) is a member of Met proto-oncogene family. It is known to be widely expressed in the neurons and microglia, and is activated by macrophage-stimulating protein (MSP), which functions as a neurotrophic factor (Stella et al., 2001; Yu et al., 2016).

A recent study reported that microglial RON is activated upon binding to MSP, resulting in the promotion of the anti-inflammatory process and subsequent tissue repair (Dey et al., 2018). This study demonstrated that the CNS of mice carrying a deletion of ligand binding domain (Ron-/-) exhibited an increase in pro-inflammatory molecules including iNOS, COX2, and TNF-α and tissue degradation factors such as MMP2 and MMP9 compared to that of age-matched WT mice. In addition, Ron-/- mice exhibited exacerbated levels of several metabolic markers of CNS stress (phenylalanine, glutamate, hypoxantine, and choline), but decreased levels of healthy neuron markers (N-acetyl aspartate and glutamine). These results imply that RON plays protective roles in the CNS. It also indicated that RON expression was detected in CHME-3 cells, a human fetal microglial cell line, in which MSP stimulation resulted in induction of RON expression and a reduction in LPS-mediated production of TNF-α and IL-1β. Using two disease models, this study further demonstrated the involvement of RON in CNS inflammation. In an experimental autoimmune encephalomyelitis mouse model of MS, loss of Ron led to greater disease severity with elevated tissue inflammation in the CNS compared to that in WT mice. Similarly, it has been shown that loss of Ron resulted in exacerbated CNS inflammation with decreased M2 markers and concomitantly increased M1 markers in the diet-induced obesity mice in comparison to control mice (Frommhold et al., 2007). Currently, it is unknown whether RON activation may also be beneficial in other neurodegenerative diseases. However, this study suggests that induction of RON activation selectively in the CNS could potentially alleviate uncontrolled CNS inflammation.



EPILOG

Microglia are essential for proper brain development and maintenance of CNS homeostasis, such as regulation of synaptic maturation, elimination of damaged or dying neurons, and secretion of neurotrophic modulators. However, microglia lose these physiological functions during the course of many CNS diseases and exhibit distinct phenotypic signatures associated with neurodegenerative diseases, in which microglia-mediated neuroinflammation is one of the key pathologic hallmarks (Butovsky and Weiner, 2018). Thus, taming microglia with GPMs toward both maintaining homeostatic function and inhibiting disease-promoting or inflammatory responses could serve the goal of microglial-targeted therapy (Song and Suk, 2017; Suk, 2017; Lee and Suk, 2018).

A recent analysis reported that the likelihood of US FDA approval for CNS drugs is approximately 50% of that for drugs in other areas and that it takes longer for FDA to approve CNS drugs (Schwartz and Deczkowska, 2016). In addition, gradual and more challenging progress has been made in the development of kinase inhibitors for CNS disorders compared to that for other therapeutic areas such as oncology and chronic inflammation, which appears largely due to the intrinsic complexity linked to CNS drug development and partly to the lack of validated druggable targets. However, an increasing number of PKs have emerged as potential drug targets for CNS disorders (Chico et al., 2009; Gunosewoyo et al., 2017; Lee and Suk, 2017), suggesting better opportunities for the development of CNS drugs in the future. However, the lack of relevant biological systems capable of predicting the efficacy and toxicity of treatment has been stated as the most frequent reason for the clinical failure of CNS dug development. Thus, for the success of developing CNS disease-modifying therapies with GPMs including PKs modulators, we should consider the presence of not only species-specific, but also regional brain differences between human and rodent microglia regarding basic biochemistry, gene expression, transcriptomic profiles, and pharmacologic responses (Melief et al., 2012, 2016; Doorn et al., 2015; Bennett et al., 2016; Grabert et al., 2016; Satoh et al., 2016; Gribkoff and Kaczmarek, 2017). Furthermore, given that genes that are regulated during aging are critically different between mouse and human microglia, and that transcriptomic and epigenetic signatures of human microglia are heavily influenced by the environmental conditions (Gosselin et al., 2017). Thus, for the translation of microglial research into clinical practice, it is necessary to investigate whether all the features shown in rodent microglia by certain kinase activities are truly applicable to human microglia by incorporating more physiologically relevant assay systems (Hu et al., 2015).

In this review, we summarized recent studies on the potential role of selected PKs in microglial activation and concomitant induction of neuroinflammation. It will not be surprising to find additional PKs relevant to microglia-mediated neuroinflammation in future studies. Targeting more than one PK target may provide effective approaches for the future interventions of many CNS disorders. Alternatively, drug repositioning with FDA-approved protein kinase inhibitors may facilitate the process of drug development for CNS disorders, such as the recently demonstrated beneficial effect of c-Abl inhibitors in AD and PD (Miller et al., 2012). Since neurotoxicity, another hallmark shared by many neurodegenerative diseases, is either directly affected by neuronal kinases or indirectly by signaling pathways mediated by microglial activation via microglial kinases (Lee and Suk, 2018), targeting common PKs shared by both neuron and microglia may serve as promising therapeutic strategies for neurodegenerative diseases.

In conclusion, a growing number of PKs not only in neurons, but also in non-neuronal cells in the CNS, such as microglia, are emerging as important therapeutic targets and there is rapid advancement and growth in the understanding of microglial function. Therefore, taming microglial activation states by modulating the activity of the PKs described in this review holds great promise for curing or alleviating symptoms associated with many neurodegenerative diseases.
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Microglial cells are known as important mediators of inflammation and immune response in the central nervous system (CNS). However, a neuroprotective role of these cells in post-traumatic processes should not be overlooked. Microglial cells are the first to respond to CNS injury and are further involved in all critical events of pathogenesis. When activated microglia clear the cellular debris and release anti- and proinflammatory cytokines and chemokines, nitric oxide, neurotrophins, and antioxidants capable of producing both neurotoxic and neuroprotective effects. The aim of this study was to determine to what extent the phagocytic activity of microglia in an acute period of spinal cord injury (SCI) in rats can effect the post-traumatic processes. For this purpose we implanted genetically modified Ad5-EGFP or Ad5-GDNF microglial cells into the area of acute SCI. Our experiments demonstrate that the area of intact tissue was lower in the group transplanted with Ad5-GDNF-transduced microglial cells with reduced phagocytic activity than that in the group of animals transplanted with Ad5-EGFP-transduced microglia cells which did not affect the cell activity. At the same time, there was no significant difference in the functional recovery index between these groups. Thus, the increased number of microglia cells with good phagocytic activity in the area of acute SCI may contribute to the improved nervous tissue integrity without a significant effect on the functional recovery within 30 days after injury.

Keywords: microglia, spinal cord injury, egfp, gdnf, adenoviral vector


INTRODUCTION

Spinal cord injury (SCI) is characterized by numerous pathologic reactions which involve every cell type of the central nervous system (CNS). It results in neuron and glial cell death, is followed by nerve fiber degeneration, oxidative stress, and other pathological alterations. The activation of microglial cells which are the first to respond to nerve tissue damage is one of the essential events of post-traumatic reactions (Hansson, 2003; Dibaj et al., 2010; Silver et al., 2015). When activated the microglia clear the cellular debris and release anti- and pro-inflammatory cytokines and chemokines, nitric oxide, neurotrophins, and antioxidants capable of exhibiting both neurotoxic and neuroprotective effects (Kreutzberg, 1996; Lai and Todd, 2008; Shechter and Schwartz, 2013). Lately some approaches to SCI treatment are focusing on modulating microglial reactivity after injury toward a neuroprotective phenotype.

Francos-Quijorna et al. (2016) demonstrated that IL-4 facilitated microglia/macrophages gaining the M2 phenotype, promoting nerve tissue regeneration and functional recovery after SCI. M2a macrophages promoted by IL-4, IL-13, and arginase-1 mainly participate in reducing inflammation, enhancing phagocytosis and differentiation of neural stem cells (NSCs) (Varnum and Ikezu, 2012). The introduction of M2 macrophages into the spinal cord and brain is shown to be effective for the treatment of non-infectious inflammation of the CNS (Weber et al., 2007; Shechter et al., 2013). These studies suggest that modulation of microglial cells toward the neuroprotective phenotype seems to be quite promising in order to stimulate neuroregeneration in SCI.

Our present study was based on the use of GDNF as a potent inhibitor of microglial phagocytic activity to promote the expression of neuroprotective or neurotoxic phenotypes (Rocha et al., 2012; Zhuravleva et al., 2016). The enhancement of the scavenger and phagocytic properties of microglia is supposed to result in early resolution of the initial traumatic events that can improve long-term structural and functional outcome (Redondo-Castro et al., 2013). To test this hypothesis we transplanted genetically modified Ad5-EGFP or Ad5-GDNF microglial cells into the area of acute SCI and followed the animals for 5 weeks, assessing functional improvements and changes in tissue integrity.



MATERIALS AND METHODS

Microglia Isolation and Cultivation

Microglia were isolated from neonatal rat cerebral cortex as described previously (Zhuravleva et al., 2015). Briefly, pups were anesthetized and perfused via the left ventricle with cold DPBS solution supplemented with 5 U/ml sodium heparin. The cortex was isolated, and the pia mater peeled off. Tissue was mechanically homogenized and incubated with an enzyme solution (papain 2 mg/ml, DNAse 50 U/ml, dispase 2.5 U/ml) in DPBS for 30 min at 37°C with shaking at 180 rpm. Cells were separated using a 40 μm cell strainer followed by Optiprep (Sigma) discontinuous density gradient for 40 min at 300 g. Layers were cell suspensions in 19% Optiprep, 9% Optiprep, 7% Optiprep, DPBS. A microglia fraction was obtained from a layer, located between fractions 19 and 9%. The microglia were cultured in DMEM/F12 medium supplemented with granulocyte colony-stimulating factor (G-CSF,5 ng/ml, Sigma, United States), 10% FBS, 2 mM L-Glutamine and Penicillin-Streptomycin (PanEco, Russia) in humidified 5% CO2. Resulting cells were transplanted into the area of SCI after 24 h of culture.

Genetic Modification and Characterization of Microglia

The microglia were transduced with Ad5-EGFP or Ad5-GDNF immediately after the isolation of cells with MOI 40, which provides an optimum level of expression of the transgene and has no cytotoxic effect. The day after transfection, the cells were collected for transplantation. Genetically modified microglia were also analyzed 7 days after transduction by immunocytochemistry (ICC) and flow cytometry (FC) for the detection of the expression of EGFP and GDNF. For ICC, cells were fixed in 4% buffered formalin, washed with 0.1% Triton X-100 in PBS and stained with anti-GDNF antibodies (ab10835, Abcam) at a working dilution of 1:100 for 1 h at RT, washed and stained with Alexa Fluor 647 conjugated anti-goat secondary antibodies A-21447 (Invitrogen) for 30 min at RT. The nuclei were stained with DAPI (d9564, Sigma) for 5 min. The results were analyzed using an AxioObserver Z1 (Carl Zeiss). Briefly, for FC microglial cultures were trypsinized, prefixed with CytoFix (BD Biosciences) and permobilized using Perm 2 (BD Biosciences), incubated with anti-GDNF antibodies (ab10835, Abcam) at a working dilution of 1 μl per 200,000 cells for 30 min at 4°C, washed using centrifugation, stained with Alexa Fluor 555 conjugated anti-goat secondary antibodies (A-21432, Invitrogen) and analyzed using flow cytometer FACS Aria III (BD Biosciences). Ad5-GFP transduced cells were analyzed using FC immediately after trypsinization.

We also analyzed the phenotype of transduced microglia at Day 1, 7, and 14 cultivations. For FC microglia cultures were trypsinized and incubated with antibodies CD11b (101216, BioLegend), CD16 (ab203883, Abcam), CD 40 (ab13545, Abcam), CD 45 (1611525, Sony), CD86 (305420, BioLegend), CD163 (ab182462, Abcam), CD 200 (ab203887, Abcam), CD206 (2205595, Sony) at a working dilution of 1 μl per 200,000 cells for 30 min at 4°C. For CD16, CD40, CD163, and CD200 staining appropriate Alexa Fluor 555 conjugated anti-rabbit secondary antibodies (A-31572, Invitrogen, United States) were used. Stained cells were fixed with CytoFix and analyzed using flow cytometer FACS Aria III. The in vitro data were obtained from five independent experiments.

Spinal Cord Injury and Cell Transplantation

All animal protocols were approved by the Kazan Federal University Animal Care and Use Committee (Permit Number: 2 dated on May 5, 2015). Adult male and female Wistar rats (weight of 250–300 g each; Pushchino Laboratory, Russia) were group housed in clear plastic cages (12 h:12 h light/dark cycle) with food and water available ad libitum.

Rats were deeply anesthetized by intraperitoneal injection of chloral hydrate (80 mg/ml, 0.4 ml per 100 g, Sigma). After skin incision, the Th8 vertebra was removed by laminectomy. The impact rod (diameter 2 mm, 10 g) of an impactor was centered above Th8 and dropped from a height of 25 mm to induce SCI. Immediately after SCI, 5 μl suspensions of MG+Ad5-GDNF (n = 15) or MG+Ad5-EGFP (n = 15) (containing 1 × 106 cells) were injected into the area of SCI (epicenter) at a depth of 1 mm by using a 5-μl Hamilton syringe. In the control group (SCI) (n = 15), 5 μl 0.9% NaCl were injected into the aforementioned point. After SCI the dorsal back musculature and the skin were sutured. Following surgery the rats received doses of gentamicin (25 mg/kg, Omela, Russian Federation) intramuscularly for seven consecutive days. Bladders of injured rats were manually emptied twice a day until spontaneous voiding occurred. There was a control group of 10 intact animals.

Behavioral Test

Locomotor recovery was assessed in an open field by using the BBB rating scale. The baseline was obtained three days before SCI. To evaluate differences in functional recovery, a behavioral assessment in all groups was performed before SCI, on day 7, and then every second day. Locomotion was scored simultaneously by two observers who were blinded to the treatment groups. Final scores were obtained by averaging the two scores awarded by the examiners.

Histological Assessment

For histology and immunohistochemistry, 30 days after cell transplantation the rats were anesthetized with chloral hydrate, prior to intracardiac perfusion with 4% paraformaldehyde (PFA, Sigma). After incubation in 30% sucrose, samples were embedded in a tissue freezing medium. Non-fixed tissue was used for RT-PCR. Twenty micrometer transverse tissue sections, obtained with a Microm HM 560 Cryostat, were stained with Azur-eosin for visualizing tissues. Images were captured using a × 20 objective lens and a microscope (APERIOCS2, Leica). The cross-sectional areas of the spared tissue and abnormal cavities were measured on transverse sections of the spinal cord within the midpoint of the lesion center (the epicenter) and in spinal segments 1–5 mm rostral and caudal to the site of injury. The total area of abnormal cavities in the spinal cord cross-section was calculated by adding cavities with an area of not less than 1.500 μm2. An Aperio imagescope was used to measure the tissue area.

Immunofluorescence Analysis

For immunofluorescence labeling, the sections were blocked with 5% normal goat serum for 1 h at room temperature (RT) and then incubated separately overnight at 4°C with a primary antibody against ionized calcium binding adaptor molecule 1 (Iba1) (Abcam, 1:300) and glial fibrillary acidic protein (GFAP) (Millipore, 1:200). Prior to visualization, the sections were incubated with a fluorophore-conjugated secondary antibody (anti- mouse IgG conjugated with Alexa 546, Invitrogen, 1:200) for 2 h at RT. 4′,6-Diamidino-2-phenylindole (DAPI) (10 μg/mL in PBS, Sigma) was used to visualize nuclei. Coverslips were mounted on slides using a mounting medium (ImmunoHistoMount, Santa Cruz). The sections were examined under a LSM 780 Confocal Microscope (Carl Zeiss, Germany). The total intensity of labeling (semi-quantitative analysis of Iba1 and GFAP) was analyzed using Zen 2012 Software (Carl Zeiss). All sections were imaged in the z-plane using identical confocal settings (laser intensity, gain, and offset). Measurements were obtained from transverse histological sections collected at 5-mm increments extending from the contusion center (observed area, 2 mm2) of the SCI. The following areas were selected for semiquantitative immunohistochemical evaluation of glial cells: the main corticospinal tract (CST), ventral funiculi (VF), and the ventral horn (VH).

RNA Isolation and Real-Time PCR Analysis

Total RNA from fresh spinal cords (5 mm long segment encompassing the injury site) was isolated using a Yellow Solve Kit (Silex, Russia) according to the manufacturer’s recommendations. First strand cDNA synthesis was held using 100 U of RevertAid reverse transcriptase (Thermo Fisher Scientific), 100 pmol of random hexamer primers and 5 U of RNAse inhibitor according to the standard protocol. Quantitative analysis of mRNA of egfp, gdnf, irf5, iba1 genes was applied using a CFX 96 Real-Time PCR System (Bio-Rad, Hercules, CA, United States). Each PCR reaction contained 100 ng cDNA, 2.5× Reaction mixture B (Syntol, Russia), 200 nM of each primer, and the probe (100 nM) (Table 1). The mRNA expression was normalized according to the 18S RNA transcription. To create standard curves plasmid DNA with corresponding inserts was used. The level of mRNA in non-treated spinal cord after injury was considered as 100%.

TABLE 1. Primers and probes for RT-PCR.
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Statistical Analysis

All statistical analyses were carried out by two independent biostatisticians blinded to the groups. Data are presented as means ± standard deviation. The one-way analysis of variance (ANOVA) with the Tukey’s test or two-way analysis of variance (ANOVA) were used for multiple groups. Values of P < 0.05 and P < 0.01 were considered statistically significant. Data were analyzed using the Origin 7.0 SR0 Software (OriginLab, Northampton, MA, United States).

the expression of EGFP and GDNF in vitro and in vivo in the area of SCI. Immunocytochemistry results demonstrate expression GDNF (A,C) and EGFP (B,D) in transduced by GDNF (C) or EGFP (B) and non-transduced/native (A,D) microglia. Results of flow cytometry are shown (E,F). Based on the flow cytometry data, 51% of the transduced by Ad5-EGFP microglia were EGFP-positive (red color in dot plot, yellow color is for non-transduced cells) (E) and 50% of the transduced by Ad5-GDNF microglia demonstrated GDNF overexpression (red color on dot plot, yellow color in dot plot for native cells, gray color is for unstained cells) (F). EGFP and GDNF mRNA expression in vitro on cultivation Days 7 (G) and in vivo at Day 30 after SCI in experimental groups (H,I). The EGFP and GDNF mRNA expression levels in the SCI and Intact controls groups, respectively, were considered 100% (H,I). ∗P < 0.05, ∗∗P < 0.01, one-way ANOVA followed by a Tukey’s post hoc test. Ad5-EGFP microglia around the small cavities (asterisks) (J,K) and in ventral horns (L) at the distance of 3 mm in rostral and 3–4 mm in caudal directions from the injury epicenter, respectively, at Day 30 after SCI and transplantation. Nuclei are stained with DAPI (blue). Scale bar: 20 (J,K) and 10 (L) μm.



RESULTS

Analysis of the Expression of EGFP and GDNF in vitro and in vivo in the Area of SCI

Seven days after microglia transduction with Ad5-EGFP or Ad5-GDNF, EGFP, and GDNF expression was studied in vitro (Figure 1). ICC and FC demonstrated that native microglia expressed GDNF. On day 7 after Ad5-GDNF transduction 50% of microglia demonstrated GDNF overexpression (Figures 1A,C,F). Visualized cells by fluorescent microscopy had green fluorescence (MG+Ad5-EGFP) compared to non-transduced/native microglia (Figures 1B,D). On day 7 after transduction, 51% of the microglial cells expressed EGFP (Figure 1E). mRNA expression in microglia immediately treated with Ad5-EGFP or Ad5-GDNF was 9689 and 6733 times higher relative to non-transduced cells, respectively, at Day 7 after transduction (Figure 1G).
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FIGURE 1. Analysis of



We also studied to what extent the transplantation of genetically modified microglia increased the expression of EGFP and GDNF mRNAs in the area of SCI. Thus on day 30 after SCI EGFP mRNA was more than 10000 times higher in the spinal cord of SCI MG+Ad5-EGFP rats than in untreated rats subjected to SCI (Figure 1H). The results also demonstrated that the GDNF mRNA expression level was significantly higher in the group with MG-GDNF transplantation as compared to the other experimental groups (P < 0.01) (Figure 1I). The lowest expression level was observed in the intact spinal cord, with no reliable difference detected between SCI groups without cell transplantation and those transplanted with MG+Ad5-EGFP. Thus, the data obtained for EGFP and GDNF mRNAs levels in the area of SCI confirmed the efficacy of target gene delivery and possible long-term expression of recombinant gene products.

Distribution and Survival of Transplanted Microglia

Previously in similar experimental conditions, we showed, that MG+Ad5-EGFP survived in the early period of SCI (not less than 14 days), actively expressed recombinant gene egfp and migrated up to 5 and 3 mm in the rostral and caudal directions, respectively, from the injection site (Zhuravleva et al., 2015). At Day 30 we observed EGFP+-cells arranged predominantly around the small cavities at the distance of 3–4 mm in both directions from the injury epicenter (Figures 1J,K) and up to 1–2 EGFP+-cells in ventral horns in similar directions (Figure 1L).

Analysis of Changes in Phenotype and Gene Expression of Microglia in vitro

Previously, we showed that 2 week cultured microglia (non-transduced cells) express Iba1, CD68, CD11b/c, and CD45 (Zhuravleva et al., 2015). Microglia had an amoeboid shape initially, but after 2 weeks branched forms of microglia were seen as well. In this study, we estimated the expression level of the following markers (CD11, CD16, CD40, CD45, CD86, CD163, CD200, CD206) in the obtained cultures of transduced microglia at Days 1, 7, and 14 (Table 2). At Day 1 we observed maximal levels expression of CD16, CD40, CD86, and CD200 in both culture of transduced microglia without any significant difference in all 8 markers. At Day 7 we observed a significant decline of the expression of CD16, CD40, CD45, CD163, and CD200 without significant differences between microglia transduced by Ad5-EGFP or Ad5-GDNF. Expression of CD11 and CD206 was similar at Day 1 and 7. CD86 only showed consistently high expression levels (more 90%) after 14 days compared to other markers which declined significantly during that time. We observed the only significant difference between two types of transduced microglia for CD45, which had a more than 15-fold increase in microglia transduced by Ad5-EGFP.

TABLE 2. Results of flow cytometry in microglia culture.
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We also investigated the expression of pan marker Iba1 and M1 phenotype marker irf5 mRNAs in the microglia at the same time points. The analysis showed that the maximum expression of both Iba1 and irf5 mRNAs was observed on day 14. The irf5 expression gradually increased from 0 to 14 days (P < 0.05) (Figure 2A). By culture day 1 the Iba1 expression was below that at the time of isolation (P < 0.05); however, this parameter consistently increased by culture day 14 (P < 0.05) (Figure 2B).
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FIGURE 2. Analysis of the expression of Iba1 and Irf5 mRNA in vitro and in vivo in the area of SCI. Irf5 (A) and Iba1 (B) mRNA expression in vitro on cultivation Days 0, 1, 7, 14. Irf5 and Iba1 mRNA expression of 0 day group was considered 100%. Differences were statistically significant between all time intervals (P < 0.05). Iba1 (C) and irf5 (D) mRNA expression in vivo on day 30 after SCI and cell transplantation. The Iba1 and irf5 mRNA expression levels in Intact controls were considered 100% (C,D). ∗P < 0.05, one-way ANOVA followed by a Tukey’s post hoc test.



Assessment of Microglia in the Area of SCI

To investigate the expression of Iba1 and irf5 mRNAs in injured spinal cord, qRT-PCR was performed on sections obtained from the injury site 30 days post transplantation. When evaluating the Iba1 and irf5 mRNAs levels specific for microglial cells/macrophages, we detected the following pattern in the area of SCI. The Iba1 mRNA level was significantly higher in the group with MG-GDNF transplantation as compared to the other experimental groups. At the same time there was no significant difference in the Iba1 mRNA expression between intact spinal cord group with SCI and transplantation of MG-EGFP (P < 0.01) (Figure 2C). When evaluating the expression of irf5 mRNA, this value was significantly higher in the SCI group without cell transplantation (P < 0.01), than in the other experimental groups, with no reliable differences between them (Figure 2D).

Using immunofluorescence we studied the total intensity of Iba1 labeling 5 mm rostrally and caudally from the injury epicenter in selected zones of the white and gray matter. It was significantly higher rostrally from the injury epicenter in all study zones in the group with MG+Ad5-GDNF transplantation (P < 0.05) (Figure 3A). At the same time, there was no significant difference in the total intensity of Iba1 labeling in the SCI and SCI MG+ Ad5-EGFP groups. A maximum Iba1+-cell concentration was detected in the CST zone of the SCI MG+Ad5-GDNF group in both directions from the site of injury (Figures 3A–C). A minimal Iba1+microglial cell concentration was identified in the VF zone (in both directions from the site of injury) in the intact group (Figure 3C).
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FIGURE 3. Assessment of microglial cells in the area of SCI. The total intensity of Iba1 labeling 5 mm rostrally (A) and caudally (B) from the injury epicenter. ∗P < 0.05, one-way ANOVA followed by a Tukey’s post hoc test. Assessment of microglial cells with Iba1 5 mm rostrally from the injury epicenter within the CST, VF and VH in the experimental groups (C).



Caudally from the injury epicenter the total intensity of Iba1 labeling in VF and VH zones was higher (P < 0.05) in the groups with cell transplantation as compared to the SCI group without cell transplantation. Moreover, this parameter in VF zone was significantly higher (twofold) in the group with MG+Ad5-EGFP transplantation as compared to that transplanted with MG+Ad5-GDNF (P < 0.05).

Tissue Sparing

Morphometry allowed us to identify differences in the intact tissue area and a total area of abnormal cavities up to 5 mm rostrally and caudally from the injury epicenter in all study groups (Figure 4). This analysis demonstrated that within the study range the area of intact tissue was greatest in the SCI MG+Ad5-EGFP group. There was a significant difference at a distance of 2 (>1.85-fold) and 5 mm (>1.26-fold) caudally as compared to the SCI group without cell transplantation (Figure 4A) and at a distance of 4 mm (>1.35-fold) rostrally and 1–5 mm (>1.34 to 1.73-folds) caudally as compared to the SCI MG+Ad5-GDNF group (Figure 4C). At the same time no significant differences were observed between SCI and SCI MG+Ad5-GDNF groups (Figure 4B).
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FIGURE 4. Tissue analysis in experimental groups. An area of the intact tissue (A–C) and a total area of abnormal cavities (D–F) 5 mm rostrally and caudally from the injury epicenter on Day 30 after SCI and microglia transplantation. ∗P < 0.05, one-way ANOVA followed by a Tukey’s post hoc test. Cross sections of the injured spinal cord on Day 30 after SCI in experimental groups (bottom panel). Azur-eosin staining.



The total area analysis of abnormal cavities revealed no reliable differences between experimental groups (Figures 4D–F). There was an only exception at a distance of 3 mm caudally where this value was sevenfold lower in the SCI MG+Ad5-EGFP group than that in the SCI MG+Ad5-GDNF one (Figure 4F).

Thus, the morphometric analysis demonstrated that at every distance studied the intact tissue area was greater in the SCI MG+Ad5-EGFP group than in the SCI group without cell transplantation and the SCI MG+Ad5-GDNF group. However, it should be noted that this significant difference was observed in the caudal direction. There was a significant difference in the area of abnormal cavities between SCI MG+Ad5-EGFP and SCI MG+Ad5-GDNF groups in the caudal direction as well.

Assessment of Astrocytes in the Area of SCI

Using the method of immunohistochemistry we studied the total intensity of GFAP labeling 5 mm rostrally and caudally from the injury epicenter in selected zones of the white and gray matter (Figures 5A,B). 5 mm rostral to the injury epicenter the GFAP fluorescence intensity was highest in all studied zones in the group with MG+Ad5-EGFP transplantation (Figure 5C). This value was 2-fold higher in CST and VH zone (P < 0.05) in the SCI MG+Ad5-EGFP group as compared to the SCI MG+Ad5-GDNF one. No significant differences between SCI and SCI MG+Ad5-GDNF groups were observed both rostrally and caudally from the injury epicenter. At the same time, there was a significant difference in the VH zone at a distance of 5 mm rostrally where the total intensity of GFAP labeling was ∼twofold (P < 0.05) higher in the SCI MG+Ad5-EGFP group than that in other experimental groups.
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FIGURE 5. Assessment of astrocytes in the area of SCI. The total intensity of GFAP labeling 5 mm rostrally (A) and caudally (B) from the injury epicenter. ∗P < 0.05, one-way ANOVA followed by a Tukey’s post hoc test. Assessment of astrocytes with GFAP 5 mm rostrally from the injury epicenter within the CST and VH in the experimental groups (C).



Assessment of Locomotor Activity

We assessed locomotor recovery using the BBB rating scale from 7 to 30 days post injury. The motor function scores in the SCI+MG-Ad5-GDNF group were higher than those in the SCI and SCI+MG-Ad5-EGFP groups within 30 days after injury (Figure 6). Additionally, there were significant differences (P < 0.05) only between the SCI+MG-Ad5-GDNF and SCI groups on Days 14 and 21–30 after injury. We observed no significant differences between SCI and SCI+MG-Ad5-EGFP groups as well as between SCI+MG-Ad5-EGFP and SCI+MG-Ad5-GDNF ones.
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FIGURE 6. Post-SCI behavioral studies in experimental groups. Assessment of locomotor activity using the BBB rating scale from 7 to 30 days after injury. ∗P < 0.05, one-way ANOVA followed by a Tukey’s post hoc test.





DISCUSSION

In our previous study, we showed that glial cell line-derived neurotrophic factor (GDNF), a well-known neuroprotective molecule, decreases phagocytic activity of microglia in an in vitro model of SCI (Zhuravleva et al., 2016). Ad5-GDNF transducted microglia have shown a similar effect. Therefore, we decided to identify to what extent the microglia phagocytic activity can affect the outcome of post-traumatic processes in the acute period of SCI in rats. Our experiments demonstrated that the intact tissue area was lower in the group with Ad5-GDNF-transduced microglial cell transplantation and had reduced phagocytic activity than that in the group of animals transplanted with microglial cells carrying the gene egfp. Interestingly, there were no significant differences in restoring the motor function.

We have previously characterized the microglial transplanted cells (Zhuravleva et al., 2015). Immunocytochemistry demonstrated that immediately after isolation and within 2 weeks of culture the microglial cells expressed Iba1, CD68, CD11b/c, and CD45. In the same time, our results demonstrate that most of the transduced Ad5-EGFP well as Ad5-GDNF microglia predominantly express pan markers Iba1/CD68 and CD86 at all studied culture periods. In their morphologic properties Ad5-EGFP transducted microglia were amoeboid active phagocytic microglia. Amoeboid morphology was shown to reflect a highly active state associated with phagocytosis and a proinflammatory function (Tam and Ma, 2014).

At the same time transduction of microglia with Ad5-GDNF promoted the formation of round, resting non-phagocytic microglia. These findings are in line with the conclusions that GDNF can suppress activation of the microglia in neuroinflammatory processes (Xing et al., 2010; Rickert et al., 2014). Our findings for transplantation effects of active phagocytic and non-phagocytic microglia into the area of SCI are consistent with the assumption made by Redondo-Castro et al. (2013) that the enhancement of the scavenger and phagocytic properties of microglia resulted in was reduction of initial trauma which can improve long-term structural and functional outcome. This positive effect of active phagocytic microglia is due to the removal of dead cells and debris (Boekhoff et al., 2011). Yaguchi et al. (2008) demonstrated that activation of endogenous microglia after SCI improved the integrity of nervous tissue. Moreover, these results are relevant not only to an acute period of injury but also to a chronic one. There is a significant reduction of scar tissue (Hamanoue et al., 2015) with activation of endogenous microglia in the chronic post-traumatic period.

We have previously shown that the microglia transplanted into the area of SCI in an acute period actively migrated rostrally and caudally from the site of injection and survived for at least 14 days with the expression of reporter genes (Zhuravleva et al., 2016). Throughout the whole period of microglia cultivation, the level of Iba1 and irf5 mRNA expression was increased with the maximum value observed on 14 day. This result corresponds to the data that G-CSF (which was added to the culture of microglia) promotes the division of microglia and the maintenance of its functional state (Giulian and Ingeman, 1988). The results obtained in this study provide evidence to the good survival of the microglia implanted into the site of injury by the expression of Iba1 and irf5 mRNA in the area of SCI at 30 dpi. We demonstrated that the level of irf5 mRNA expression was significantly higher in the SCI group. This result is consistent with the data that after SCI the pool of M1 microglia is increasing (Kigerl et al., 2009) along with irf5 expression (Lawrence and Natoli, 2011). At the same time the level of mRNA Iba1 was significantly higher in groups with microglia transplantation when compared to the other groups. These results seem to be associated with the large number of microglia within the site of injury due to insertion of a donor cell pool in transplantation. It should be noted that the level of mRNA Iba1 (as a pan marker of microglia) was significantly higher in the group with MG-Ad5-GDNF transplantation. The immunohistochemical findings confirmed the results obtained in a real-time PCR analysis and demonstrated a significantly increased Iba1+-cell count predominantly in the rostral direction in the group with MG-Ad5-GDNF transplantation as compared to the other experimental groups. This may be attributed to a supportive GDNF effect on microglial carrier-cells. This is consistent with the previous findings by Salimi et al. (2003) that GDNF promotes cell survival in serum-free cultures of primary rat microglia.

At the same time, immunohistochemical staining for GFAP demonstrated that in most cases an increased intensity of the Iba1 fluorescence was accompanied with decreased intensity of the GFAP fluorescence and vice versa, in the groups with microglia transplantation. This is especially obvious at a distance of 5 mm rostrally where the total intensity of GFAP labeling in all studied zones was higher in the group with MG-Ad5-EGFP transplantation as compared to the SCI+MG-Ad5-GDNF group. Based on these findings it can be concluded that the more microglia in the site of injury, the fewer the number of reactive GFAP+-astrocytes is. The data obtained are consistent with the results of Hamanoue et al. (2015), who demonstrated that activated endogenous microglia within a chronic period alter SCI could lead to significant reduction of scar tissue. Nevertheless, the glial barrier and reactive astrocytes have a positive role in maintaining the structural integrity of spinal cord tissue (Adams and Gallo, 2018). In this regard, an increased astroglial activation can be involved in tissue sparing in the group with MG-Ad5-EGFP transplantation.

We found out that transplantation of MG-Ad5-GDNF into the area of SCI improved recovery of the motor function compared to the SCI group. Nevertheless, there were no significant differences between the groups with microglial transplantation. Higher BBB test scores in the group with MG-Ad5-GDNF transplantation might be due to a supportive effect of GDNF on intact axons and their myelinati; the neuroprotective action maintaining the expression of neurofilament proteins, calcitonin gene-related peptide (CGRP) and axon growth associated protein 43 (GAP-43) (Cheng et al., 2002; Zhang et al., 2009).

Thus, the increased number of active phagocytic microglia in the area of acute SCI might promote improved nerve tissue integrity without a significant effect on functional recovery within 30 days after injury.
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CSF1R Stimulation Promotes Increased Neuroprotection by CD11c+ Microglia in EAE
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Microglia are resident immune cells of the central nervous system. Their development and maintenance depend on stimulation of Colony Stimulating Factor-1 receptor (CSF1R). Microglia play an important role in neurodevelopment and a population of microglia that expresses the complement receptor CD11c is critical for primary myelination. This population is virtually absent in the healthy adult brain but increases dramatically upon neuroinflammatory conditions, and these microglia are suggested to play a protective role in central nervous system (CNS) diseases. To date, the molecular trigger for their expansion is unknown. Here we showed that stimulation of CSF1R by either of its ligands, CSF1 and interleukin (IL)-34, can induce expansion of CD11c+ microglia. In addition, such stimulation resulted in amelioration of EAE symptoms and decreased demyelination. Treatment with CSF1R ligands also induced expression of the chemokine CCL2, and we showed that experimental overexpression of CCL2 in the brain led to a dramatic increase of CD11c+ microglia, independent of CCR2. Moreover, this led to elevated CSF1 expression, suggesting a positive feedback loop between CSF1R and CCL2. These data provide new insights to microglia biology and open new perspectives for modulating microglial activity in neuroinflammatory diseases such as multiple sclerosis.
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INTRODUCTION

Microglia are resident macrophages of the central nervous system (CNS) that primarily mediate surveillance and immunological functions (Nimmerjahn et al., 2005; Kettenmann et al., 2011). Contrary to most tissue macrophages, microglia are long-lived yolk sac-derived cells that maintain their numbers through proliferation without contribution from bone marrow-derived precursor cells in the steady state (Ginhoux et al., 2013; Kierdorf et al., 2013; Prinz and Priller, 2014). Development, maintenance and proliferation of microglia depend on activation of Colony Stimulating Factor-1 receptor (CSF1R), a key signaling pathway in myeloid cell development (Stanley and Chitu, 2014). Activation of CSF1R by its ligands, namely Colony Stimulating Factor-1 (CSF-1) and Interleukin (IL)-34, contributes to microglial proliferation and differentiation, and is critical for microglia development, since a dramatic reduction of microglial numbers is observed in mice lacking IL-34 (Wang et al., 2012). This lack of microglia in IL-34-KO mice leads to severe developmental abnormalities in the CNS (Elmore et al., 2014), underlining the importance of microglia for neurogenesis. Other recent studies point to microglia as key players in neurodevelopment. Indeed, they participate in establishment of axonal connections (Squarzoni et al., 2014), refinement of synapses in a process called synaptic pruning (Schafer et al., 2012) and they support neuronal survival by production of Insulin-like Growth Factor-1 (IGF1) (Ueno et al., 2013).

We have recently identified a subpopulation of neonatal microglia that transiently expand soon after birth, identified by expression of the integrin complement receptor CD11c (Wlodarczyk et al., 2017). This subpopulation has a unique neurogenic and myelinogenic gene signature and is a major source of IGF1. Importantly, deletion of IGF1 in these cells leads to impaired primary myelination (Wlodarczyk et al., 2017). These findings have been supported by another study showing neonatal microglia importance in the maintenance and maturation of oligodendrocyte progenitors (Hagemeyer et al., 2017). Interestingly, CD11c+ microglia are also found to increase in numbers during neuroinflammation and neurodegeneration, such as in animal models of multiple sclerosis (MS)—experimental autoimmune encephalomyelitis (EAE) and cuprizone induced demyelination, as well as in mouse models for Neuromyelitis Optica and Alzheimer's Disease (AD) (Butovsky et al., 2006a; Remington et al., 2007; Wlodarczyk et al., 2014, 2015). We have shown that although CD11c+ microglia can efficiently present antigen to autoreactive T-cells, they are poor inducers of Th1 and Th17 responses (Wlodarczyk et al., 2014). Moreover, we showed that these microglia produce interferon (IFN)beta and high levels of IGF1 (Wlodarczyk et al., 2015), suggesting that they exert protective rather than detrimental functions in EAE. However, the exact role of CD11c+ microglia and the mechanism for their induction under neuroinflammatory conditions are not fully understood.

Here, we present new insights into the mechanism of induction of CD11c+ microglia. We show that in vivo stimulation of CSF1R by IL-34 or CSF1 leads to expansion of CD11c+ microglia, and that this may depend on CCL2 expression. Importantly treatment with CSF1R ligands led to suppression and reduced severity of EAE.



MATERIALS AND METHODS


Mice

C57BL/6j bom female mice aged 7–8 weeks were obtained from Taconic Europe A/S. Female CCL2-KO and CCR2-red fluorescent protein (RFP/RFP) mice were obtained from The Jackson Laboratory and maintained in the Biomedical Laboratory, University of Southern Denmark (Odense). DBA/2-MBP/CCL2 mice that express a mouse CCL2 transgene under control of an MBP promoter (Furtado et al., 2006) were originally obtained from Bristol-Myers Squibb and maintained as a homozygous colony. 2D2 mice, which have CD4+ T cells that express a transgenic Vα3.2β11 TCR specific for myelin oligodendrocyte glycoprotein (MOG) p35-55 (Bettelli et al., 2003) were obtained from Dr. Florian Kurschus (Institute for Molecular Medicine, University Medical Center, Johannes Gutenberg-University, Mainz, Germany, now University Hospital, Heidelberg, Germany) and crossed with DBA/2-MBP/CCL2 to obtain 2D2xMBPCCL2. DBA/2-MBP/CCL2 mice were further backcrossed to C57BL/6j bom to obtain B6-MBP/CCL2. All experiments were approved by the Danish Animal Experiments Inspectorate (approval number 2014-15-0201-00369).



EAE

Seven- to ten-week-old female mice were immunized by subcutaneous injection of 100 μL of an emulsion containing 100 μg of MOGp35–55 (TAG Copenhagen A/S, Frederiksberg, Denmark) in incomplete freunds adjuvant (DIFCO, Alberstslund, Denmark) supplemented with 400 μg heat-killed H37Ra Mycobacterium tuberculosis (DIFCO). Bordetella pertussis toxin (300 ng; Sigma-Aldrich, Brøndby, Denmark) in 200 μl of PBS was injected intraperitoneally on the same day as and the day after immunization. Animals were monitored daily from day 5 and scored on a 6-point scale as follows: 0, no symptoms; 1, partial loss of tail tonus; 2, complete loss of tail tonus; 3, difficulty walking, 4, paresis in both hind legs; 5, paralysis in both hind legs; 6, front limb weakness. Due to ethical considerations mice were sacrificed when they reached grade 6 or 24 h after hind leg paralysis.



Intrathecal Injections

Adenoviral Overexpression of CCL2

Eight to 10 weeks old CCL2-deficient or CCR2-RFP/RFP mice were anesthetized by means of an intraperitoneal injection of ketamine (Ketalar®, 100 mg/kg of body weight, Intervet International B.V., Bowmeer, the Netherlands) and xylazine (Rompum®, 10 mg/kg of body weight, Bayer, Copenhagen, Denmark). Eight microliters of replication defective adenovirus (107 infectious units) in sterile PBS were injected intrathecally at the site of the cisterna magna. Immediately before the injection, mice received a subcutaneous injection of buprenorphine (Temgesic®, 0.1 mg/kg of body weight, Indivior UK limited, Slough, Berkshire, Great Britain). The adenovirus encoding CCL2 was type 5 E1-E3-deleted encoding murine CCL2 gene (AdCCL2), driven by the CMV immediate-early promoter (Buschmann et al., 2012), kindly provided by Dr. J. Gauldie (Pathology & Molecular Medicine, McMaster University, Hamilton, Ontario, Canada). The adenovirus encoding the β-galactosidase gene (AdLacZ) was provided by Dr. J. Nalbantoglu (Montreal Neurological Institute, Montreal, Quebec, Canada).

Seventeen days after injection, mice were lethally anesthetized with sodium pentobarbital (Euthanimal®, 200 mg/kg of body weight, Glostrup sygehusapotek, Glostrup, Denmark), and perfused through the heart with ice-cold PBS before tissues were collected.

IL-34 and CSF1 Treatment

C57BL/6j mice were anesthetized by isoflurane inhalation. Fifty nanograms (Gomez-Nicola et al., 2013) of recombinant mouse IL-34 or recombinant mouse CSF1 (Biolegend, Nordic BioSite ApS, Copenhagen, Denmark) in 10 microliters of sterile PBS were injected in the cisterna magna. Analgesia was performed as described above. This treatment was performed either once or every 24 h for 3 consecutive days and the mice were sacrificed one day after the last injection. In the EAE experiments, three injections of cytokines were performed, starting at the onset of the disease (grade 2, loss of tail tonus). For each mouse, the day of first injection is referred to as day 0 (D0).



Flow-Cytometry

Mice were anesthetized with sodium pentobarbital and intracardially perfused with ice-cold PBS. Brain tissue was collected and a single cell suspension was generated by forcing through a 70 mm cell strainer (BD Biosciences, Kongens Lyngby, Denmark). Mononuclear cells were collected after centrifugation on 37% Percoll (GE Healthcare Biosciences, Brøndby, Denmark). They were first incubated with anti-Fc receptor (Clone 2.4G2; 1 mg/ml; BD Biosciences) and Syrian hamster IgG (50 mg/ml; Jackson Immuno Research Laboratories Inc., TriChem ApS, Skanderborg, Denmark) in PBS 2% fetal bovine serum (FBS), then with anti-CD45 (Clone 30-F11; Biolegend), anti-CD11b (Clone M1/70; Biolegend), and biotin conjugated anti-CD11c (Clone HL3; BD Pharmingen) antibodies in PBS 2% FBS and finally with streptavidin-APC (Biolegend). Cell populations were gated based on isotype-matched control antibodies as CD45dim CD11b+ CD11c− (CD11c− microglia), CD45dim CD11b+ CD11c+ (CD11c+ microglia). Data were collected on an LSRIITM flow cytometer (BD Biosciences) and analyzed using Flowlogic (Inivai, Victoria, Australia).



Immunohistochemistry

DAB Staining

Sixteen-micrometer sections from 4% PFA-fixed, sucrose-cryoprotected frozen spinal cords of PBS-perfused mice were cut on a cryostat and stored at −20°C on Superfrost Plus slides (Fisher Scientific, Roskilde, Denmark). Sections were washed in PBS and endogenous peroxidase was depleted by incubation for 30 min in methanol + 0.2% H2O2. Endogenous biotin was blocked using Biotin Blocking system (DAKO, Agilent, Glostrup, Denmark) and incubated for 30 min in 3% BSA in PBS +0.2% Triton X-100 (Merck, Darmstadt, Germany) to prevent unspecific binding. Next, sections were incubated for 1 h at room temperature with biotinylated anti-MOG antibody (protein G affinity-purified supernatant from hybridoma clone Z2 (provided by Prof. Chris Linington, Glasgow University, UK) and IgG2a isotype control from murine myeloma) followed by 1 h incubation at room temperature with streptavidin-horseradish peroxidase (GE Healthcare Biosciences). The sections were developed using 3,3′-diaminobenzidine (DAB, 0.5 mg/ml) (Sigma-Aldrich) and H2O2 (0.033%) (Sigma-Aldrich) for 5 min and dehydrated in increasing concentrations of ethanol before clearing in xylene. Mounting was performed in Depex mounting medium (Merck).

Immunofluorescence Staining

Sixteen-micrometer sections from 4% PFA-fixed, sucrose-cryoprotected frozen spinal cords of PBS-perfused mice were cut on a cryostat and stored at −20°C on Superfrost Plus slides (Fisher Scientific). Sections were fixed in acetone for 10 min at room temperature followed by an incubation of 30 min at room temperature in 3% BSA in PBS +0.2% Triton X-100 to prevent non-specific binding. Next, sections were incubated for 1h with anti-NogoA (AB5664P, Millipore, Merck), and then 1 h at room temperature with anti-Rabbit IgG Alexa Fluor 488 secondary antibody (A21206, Invitrogen, Fisher Scientific), or only with anti-GFAP Cy3 conjugated antibody (C9205, Sigma-Aldrich, Merck). Slides were mounted in Fluoresence Mounting Medium (DAKO). Imaging was performed on a FV1000MPE microscope (Olympus).

Semi Quantitative Analysis of Demyelination

Analysis of demyelination was performed by an investigator who was blinded to the study. Five to ten parallel sections of the lumbar part of the spinal cord were graded based on the degree of loss of MOG immunoreactivity on 0–3 point scale where 0 = no lesions, 0.5 = one small lesion, 1 = 1 extended lesion; 1.5 = 2 small lesions; 2 = 2 extended lesions; 2.5 = 3 small lesions; 3 = at least 3 extended lesions. The mean values from all the sections from each animal were plotted as bar graphs.



RT-qPCR

RNA was extracted from brain tissue using TRIzol (Invitrogen, Fisher Scientific) according to the manufacturer's protocol. cDNA was transcribed from 1 μg of total RNA using M-MLV reverse transcriptase (Invitrogen, Fisher Scientific) following the manufacturer's instructions. Quantitative real-time polymerase chain reaction (qPCR) was performed using 1 μL of cDNA combined with 24 μL of Maxima probe/ROX qPCR master mix (Fermentas, Fisher Scientific) with primers and probes (TAG Copenhagen A/S) as follows: Itgax (forward primer TGCAGAAGGCCAAGTATTCCTT; reverse primer CAGAGGCCCTGACTCCTGTCT; probe AAGAAAGAGGACCAGCAGT), Ccl2 (forward primer TGGAGCATCCACGTGTTG; reverse primer ACTCATTGGGATCATCTTGCT; probe CTCAGCCAGATGCAGTT), Ifng (forward primer CATTGAAAGCCTAGAAAGTCTGAATAAC; reverse primer TGGCTCTGCAGGATTTTCATG; probe TCACCATCCTTTTGCCAGTTCCTCCAG), Il17a (forward primer CTCCAGAAGGCCCTCAGACTAC; reverse primer TGTGGTGGTCCAGCTTTCC, probe ACTCTCCACCGCAATGA), Ifnb1 (forward primer GCGTTCCTGCTGTGCTTCTC, reverse primer TTGAAGTCCGCCCTGTAGGT, probe CGGAAATGTCAGGAGCT), Il10 (forward primer GGTTGCCAAGCCTTATCGGA, reverse primer ACCTGCTCCACTGCCTTGCT, probe TGAGGCGCTGTCATCGATTTCTCCC). TaqMan® PreAmp Master Mix Kits were used for Ccr4 (Mm01963217_u1, Applied Biosystems, Fisher Scientific), Il-34 (Mm01243248_m1, Applied Biosystems, Fisher Scientific) and Csf1 (Mm00432686_m1, Applied Biosystems, Fisher Scientific).

For Igf1, Maxima SYBR Green/ROX qPCR Master Mix (2X) Probe/ROX qPCR Master Mix (Fermentas, Fisher Scientific) with forward and reverse primers (800 nM; from TAG Copenhagen A/S) were used with Igf1 primers (Forward primer CCG AGG GGC TTT TAC TTC AAC AA; Reverse primer CGG AAG CAA CAC TCA TCC ACA A). qPCRs were performed on a QuantStudio 3 apparatus (Applied Biosystems, Fisher Scientific). Results were expressed relative to 18S rRNA as endogenous control (TaqMan™ Ribosomal RNA control Reagents kit; Applied Biosystems, Fisher Scientific). One microliters of 1/1,000 diluted cDNA were used for 18S rRNA analysis.




RESULTS


IL-34 and CSF1 Induce CD11c+ Microglia

Since CSF1R signaling is a potent inducer of microglial proliferation, differentiation and maintenance, we asked whether it could play a role in the generation of CD11c+ microglia.

A single intrathecal (i.t) injection of 50 ng of recombinant IL-34 (rIL-34) but not rCSF1via the cisterna magna to otherwise unmanipulated mice (Figure 1A) led to a significant increase in numbers of CD11c+ microglia (Figure 1B). We were then interested to see if repeated injections of this cytokine could further expand the CD11c+ microglia population. Three daily injections of rIL34 (Figure 1D) however sustained CD11c+ microglia increase did not cause further expansion of these cells. Three injections of rCSF1 also resulted in expansion of these cells (Figure 1E), indicating that although the pharmacokinetics of these CSF1R ligands differed slightly, their outcomes were equivalent.
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FIGURE 1. CD11c+ microglia increase due to CSF1R stimulation. B6 mice received one (A–C) or three consecutive (D,E) i.t injections of 50ng rIL34, 50ng rCSF1 or vehicle (ctr). (B,E) Flow cytometry analysis of brains showing fold increase of CD11c+ microglia relative to mean number in ctr animals after single (n = 8, n = 7, n = 9) (B) and three consecutive i.t injections (n = 6; n = 6; n = 5). (C,F) RT-qPCR analysis of brains showing fold increase of Ccl2 expression relative to mean expression in ctr animals after single (n = 4, n = 5, n = 4) (C) and three consecutive i.t injections: n = 5; n = 6; n = 5 (F). (G) Ccl2 mRNA levels positively correlated with Itgax gene expression in brains of mice that received one or three consecutive i.t injections of 50 ng rIL34, 50 ng rCSF1 or ctr (n = 28). Data are pooled from at least two individual experiments and presented as means + SEM; *p < 0.05 assessed using Mann–Whitney U-test.



The increase of the CD11c+ microglial population that has been described in neuroinflammatory and neurodegenerative models all coincidence with upregulation of the chemokine CCL2. We asked if intrathecal stimulation of CSF1R had an impact on Ccl2 expression. Analogous to effects on CD11c+ microglial numbers, a single intrathecal injection of rIL-34 but not CSF1 resulted in significantly elevated expression of Ccl2 mRNA in the brains (Figure 1C). We observed an increase in CCL2 expression after 3 consecutive injections of both IL-34 and CSF1 that seemed proportional to observed CD11c+ microglial numbers, although this did not reach statistical significance (Figure 1F). We then wished to clarify whether there was a correlation between CCL2 upregulation and CD11c+ microglia increase. Since neither treatment resulted in immune cell infiltration (not shown), we used CD11c gene (Itgax) expression as a surrogate for CD11c+ microglia expansion. We showed significant positive correlation between expression of Ccl2 and Itgax mRNA in the brain (Figure 1G), indicating that CCL2 expression, however induced, could account for the increase of CD11c+ microglia.



Overexpression of CCL2 Leads to an Increase of CD11c+ Microglia

We then asked if CCL2 plays any role in induction of CD11c+ microglia. We first compared numbers of CD11c+ microglia in the brains of CCL2-deficient and wild-type (WT) mice. Proportions of CD11c+ microglia were significantly reduced in CCL2-deficient brains (Figure 2A). We subsequently investigated CD11c microglia proportions in the brains of transgenic mice that overexpressed CCL2 under control of an MBP promoter, on three strain backgrounds (DBA/2-MBP CCL2, DBA/2-MBP CCL2 × 2D2, and B6-MBP-CCL2). Brains of all of these mice contained elevated proportions of CD11c+ microglia, reaching almost 25% of total microglia in case of B6-MBP-CCL2, nearly a 10-fold increase as compared to levels in non-transgenic B6 mice (3%) (Figure 2B). We then asked if compensating for lack of CCL2 in CCL2-KO mice by induction of CCL2 expression with an adenoviral vector would restore proportions of CD11c+ microglia. Figure 2C shows that this intervention resulted in significantly higher proportion of CD11c+ microglia compared to control virus-infected CCL2-KO mice. To assess whether the induction of CD11c+ microglia was dependent on the CCR2- receptor for CCL2, we overexpressed CCL2 in CCR2 RFP/RFP mice that lack functional CCR2. This overexpression also led to a significant increase of CD11c+ microglia (Figure 2D). This increase was noticeably higher than in transfected CCL2-KO, which could be explained by higher overexpression of adenovirus-encoded CCL2 in CCR2 rfp/rfp mice as we previously reported in Cedile et al. (2017). Interestingly, expression of CCL2 in CCL2-KO (Figure 2E) as well as CCR2 rfp/rfp (Figure 2F) brains resulted in a significant upregulation of Csf1 but not Il34 mRNA levels, suggesting a positive feedback loop between CCL2 and CSF1.
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FIGURE 2. Experimental overexpression of CCL2 leads to expansion of CD11c+ microglia. Results from flow cytometry analysis showing difference in percentage of CD11c+ microglia from total microglia in brains of: B6 (n = 14) and CCL2 KO (n = 6) mice (A), transgenic mice with over expression of CCL2 and corresponding control animals; B6 (n = 14); DBA/2-MBP/CCL2 (n = 8); B6-MBP/CCL2 (n = 3); 2D2 (n = 5); 2D2x DBA/2-MBP/CCL2 (n = 4) (B), as well as in CCL2 KO (n = 7; n = 12) (C) and CCR2 RFP/RFP (n = 5) (D) mice infected with adenoviral vector expressing CCL2 or control vector expressing LacZ. RT-qPCR analysis of brains of CCL2 KO (n = 5) (E) and CCR2 RFP/RFP (n = 5; n = 6) (F) mice infected with adenoviral vector expressing CCL2 or LacZ, showing expression of CSF1 and IL34, relative to 18S. Data are pooled from at least two individual experiments and presented as means +SEM; *p < 0.05; **p < 0.01;***p < 0.001;****p < 0.0001 assessed using Mann–Whitney U-test.





Stimulation of CSF1R Leads to Amelioration of EAE

To investigate the role of CD11c+ microglia in neuroinflammation we treated B6 mice that showed first signs of EAE (typically 11–15 days post immunization) daily for 3 consecutive days with 50 ng of rIL-34 or 50 ng of rCSF1, delivered to the cisterna magna as before (Figure 3A). Both cytokines effectively suppressed disease progression (Figure 3B) and reduced disease severity (Figure 3C). The effect was already significant 24 h after first injection of rIL34 and 24 h after second injection of rCSF1. Histological analysis revealed reduced demyelination (Figures 3D,E) and reduced loss of oligodendrocytes (Figure 3F) in both treated groups in comparison to vehicle-treated controls. We observed no difference in astrocyte activation measured as GFAP gene expression (not shown) and no morphological changes (Figure 3G).
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FIGURE 3. CSF1R stimulation ameliorates EAE. Mice were immunized with MOG35-55+CFA and pertussis toxin. At the onset of the disease (D0, typically 11–15 days post immunization) mice received three consecutive i.t injections of: 50ng rCSF1 (n = 16); 50 ng rIL-34 (n = 20) or ctr (n = 22) at D0, D1, D2, and were sacrificed at D3 (A). Graphs show EAE progression (B) and maximum clinical score (C) for these mice. Data are pooled from eight individual experiments *p < 0.05; ***p < 0.001;****p < 0.0001 assessed using two-way ANOVA (A) or student's t-test (B). (D,E) Representative micrographs (D) and semi-quantitative assessment (E) of demyelination (defined as loss of MOG immunoreactivity in spinal cord). (F,G) Representative micrographs showing NogoA+ oligodendrocytes (green) (F) and GFAP+ astrocytes (red) (G) in spinal cord. Data are pooled from at least three individual experiments (n = 3; n = 3; n = 4).



Flow-cytometric analysis of the CNS of these mice showed that neither the percentage of infiltrating immune cells (Figure 4A) nor the composition of myeloid cells were affected (Figure 4B, not shown). However, there was a significant decrease in TCRbeta+ T cells in the spinal cord (SC) upon rIL-34 treatment (Figure 4C). Neither treatment induced significant effect on gene expression of pro- (GM-CSF, IL17) or anti-inflammatory (IFNbeta, IL10, IGF1) cytokines in the CNS (not shown), although there was a significant reduction of Ifng mRNA levels in the brains of mice that were treated with rIL-34 (Figure 4D). Interestingly, CD11c+ microglia expressed higher levels of PDL1 than their CD11c- counterparts (Figure 4E), and this was not affected by treatment (not shown), whereas treatment with rCSF1 but not rIL-34 led to a small but significant decrease of MHCII expression on CD11c+ microglia (Figure 4F).
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FIGURE 4. CSF1R stimulation in EAE has no impact on leukocyte infiltration but regulates microglia response. (A–C) Flow cytometry analysis of CNS of mice with symptomatic EAE that received three consecutive i.t injections of: 50 ng rCSF1 (n = 3), 50 ng rIL-34 (n = 4), or ctr (n = 6) at D0, D1, and D2 (as in Figure 3), showing percentage of infiltrating immune cells gated as CD45high from a live gate in brain and SC (A), and proportions of CD11b+ CD11c+/- myeloid cells (B) as well as TCRbeta+ T-cells from CD45high cells and proportions of CD4+ and CD8+ T-cells from CD45high TCRbeta+ cells in the SC (C). (D,E) RT-qPCR analysis showing Ifng expression in brains: (n = 4, n = 6, n = 5) (D). Representative histogram showing PDL1 expression on CD11c+ (red) and CD11c– (blue) microglia defined as CD45low CD11b+ and an isotype control (black) as well as bar graph showing MFI of PDL1 expression (E). (F) Representative histogram showing expression of MHCII in CD11c+ microglia from mice with symptomatic EAE that received three consecutive i.t. injections of: 50 ng rCSF1 (red), 50 ng rIL-34 (green) or ctr (blue) as well as bar graph showing MFI of MHCII (F). Data are pooled from at least 3 individual experiments, presented as means +SEM *p < 0.05; ***p < 0.001, assessed using Mann–Whitney U-test.






DISCUSSION

In this study we show that CSF1R stimulation in the CNS by its ligands leads to expansion of the CD11c+ microglia subpopulation. Moreover, this population of microglia can also be induced by overexpression of the chemokine CCL2. Interestingly, CSF1R stimulation upregulated CCL2 expression, which correlated with CD11c+ microglia expansion. Moreover, we demonstrated that treatment with CSF1R ligands IL-34 and CSF1 dramatically ameliorated EAE symptoms and reduced demyelination.

The role of microglia in neuroinflammatory conditions such as in EAE is still unclear. Their activation is a hallmark of demyelinated lesions in the MS brain and microglial activity correlates with progression of disability (Rissanen et al., 2018). In EAE, microglial cells were reported to participate in disease aggravation by re-activating T cells that had entered the CNS (Aloisi et al., 1998). Depletion of microglia in EAE proved efficient to repress symptoms (Heppner et al., 2005; Nissen et al., 2018). These findings implicated microglia with negative outcomes in the disease. However, beneficial effects of microglial cells in models of MS have also been reported. In response to demyelination microglia produced anti-inflammatory IFNbeta and cleared myelin debris, so facilitating the process of remyelination that leads to amelioration of the disease (Yamasaki et al., 2014; Kocur et al., 2015). It has also been shown that transplantation of microglia pre-stimulated with IL-4 into the CSF resulted in oligodendrogenesis and led to amelioration of EAE (Butovsky et al., 2006b). Recently we have demonstrated that CD11c+ microglia do not polarize T-cells toward a pathogenic phenotype but in turn express neuroprotective and anti-inflammatory factors such as IGF1, SPP1 and IFNbeta (Wlodarczyk et al., 2014, 2015, 2017). Our data here further support an anti-inflammatory phenotype of CD11c+ microglia, showing that they express higher levels of PDL1 in comparison to their CD11c- counterparts. We have previously shown that during EAE both CD11c+ and CD11c- microglia express equal levels of CSF1R and that they expand due to proliferation (Wlodarczyk et al., 2015). It has been shown that IL-34, unlike CSF1, induced neuroprotective properties of microglia in an AD model (Du Yan et al., 1997; Mizuno et al., 2011). This suggests that microglial phenotypes may differ depending on CSF1R ligand stimulation. Here we showed that treatment with CSF1 can modulate phenotype of CD11c+ microglia by decreasing their expression of MHCII. Stimulation of CSF1R by both ligands had a beneficial effect on EAE progression. The faster kinetics in case of rIL-34 treatment is consistent with a delayed induction of CD11c+ microglia by rCSF1. Amelioration of EAE symptoms after rIL-34 and rCSF1 treatment with concomitant reduction of demyelination is in line with a recent study showing beneficial effects of CSF1 in cuprizone-induced demyelination. This intervention led to microglial activation, upregulation of IGF1 as well as reduction of demyelination (Laflamme et al., 2018). Although Laflamme and colleagues showed only marginal effect of CSF1 treatment on infiltrating leukocytes in the cuprizone model and in our model there were no obvious differences in leukocyte composition, CSF1R is broadly expressed on monocytes/macrophages and we cannot exclude that the CSF1 and IL-34 treatment modulated response of such cells.

CD11c+ microglia are virtually absent in the healthy adult brain, and are mobilized in response to inflammatory cues, demyelination, neurodegeneration (Butovsky et al., 2006a; Remington et al., 2007; Wlodarczyk et al., 2014, 2015). Interestingly, levels of the chemokine CCL2 were elevated in the disease models where these cells have been described such as EAE, cuprizone induced demyelination as well as AD (Mahad and Ransohoff, 2003; Janelsins et al., 2005; Buschmann et al., 2012). Our data show that CCL2 expression positively correlated with expression of Itgax mRNA and thus CD11c+ microglia expansion and we could demonstrate that overexpression of CCL2 in the brain induced significant increase of CD11c+ microglia population. Importantly we demonstrated that adenoviral vector-induced expression of CCL2 in CCL2-KO brain restored proportions of CD11c+ microglia to levels similar to those seen in WT animals. It has been reported that CSF1R ligands can induce expression of CCL2 in leukocytes (Eda et al., 2010; Zwicker et al., 2016). Here we confirm these observations showing elevated expression of Ccl2 upon IL-34 and CSF1 treatment in the brain. This coincides with an expansion of CD11c+ microglia raising the possibility that CCL2 induction by CSF1R stimulation is directly or indirectly responsible for mobilization of CD11c+ microglia. We also show increase of Csf1 mRNA following experimental CCL2 upregulation. This is in line with RNA-seq data showing upregulation of CSF1 expression in CD11c+ microglia (Wlodarczyk et al., 2017) and suggests a positive feedback loop between CSF1R ligands and CCL2 that mediates endogenous regulation of microglia activity. The fact that induction of these microglia was not dependent on CCR2 suggests that another receptor for CCL2 may be involved. We have previously identified CCR4 as an alternative receptor for CCL2 in the CNS (Cedile et al., 2017). Whether CCL2 acts directly on microglia via CCR4, or another cell population such as meningeal or perivascular macrophages (Prinz et al., 2017) astrocytes or neurons that also express CCR4 (Cedile et al., 2017) remains to be determined. The CCL2-CCR2 axis is generally considered to be proinflammatory, but here we propose that CCL2 induced via CSFR1 stimulation can promote CNS protection in a CCR2 independent manner.

Taken together we describe here that treatment with CSF1R ligands induces an increase of protective CD11c+ microglia and leads to amelioration of EAE symptoms and reduced demyelination. Moreover, these protective microglia are induced by CCL2 signaling. These data provide new insights in microglia biology that can open new avenues for treatment directed to modulate microglia activity in neuroinflammatory diseases such as MS.
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Extracellular-released vesicles (EVs), such as microvesicles (MV) and exosomes (Exo) provide a new type of inter-cellular communication, directly transferring a ready to use box of information, consisting of proteins, lipids and nucleic acids. In the nervous system, EVs participate to neuron-glial cross-talk, a bidirectional communication important to preserve brain homeostasis and, when dysfunctional, involved in several CNS diseases. We investigated whether microglia-derived EVs could be used to transfer a protective phenotype to dysfunctional microglia in the context of a brain tumor. When MV, isolated from microglia stimulated with LPS/IFNγ were brain injected in glioma-bearing mice, we observed a phenotype switch of tumor associated myeloid cells (TAMs) and a reduction of tumor size. Our findings indicate that the MV cargo, which contains upregulated transcripts for several inflammation-related genes, can transfer information in the brain of glioma bearing mice modifying microglial gene expression, reducing neuronal death and glioma invasion, thus promoting the recovery of brain homeostasis.
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INTRODUCTION

Cellular communication has been recently enriched by a new mechanism, that use the cargo transported by extracellular membrane vesicles (EVs). EVs include exosomes (Exo, 10–100 nm diameter), microvesicles (MV, 100–1000 nm) and apoptotic “blebs” (1–2 mm). EVs are produced by all cell types and their production dynamically changes in number and content in response to specific environmental signals. The content of EVs, considered true metabolic units, is released into the cytoplasm of receiving cells, where they mediate several functional effects (Iraci et al., 2017).

In the brain, EVs modulate synaptic activity and neuronal communication (Korkut et al., 2013; Chivet et al., 2014), and also contribute to spreading disease in several CNS pathologies, such as multiple sclerosis (Carandini et al., 2015), Alzheimer’s disease (Aguzzi and Rajendran, 2009; Gouwens et al., 2018), prion disease (Fevrier et al., 2004), and Huntington’s disease (Zhang et al., 2016). Neurocentric vision in acute and chronic diseases of the CNS turned out to be insufficient to explain the mechanisms responsible for several disease onset and progression. The role played by non-neuronal cells, such as astrocytes and microglia, which are in constant communication with neurons to monitor brain parenchyma through their processes, actively contribute to maintain cerebral homeostasis.

EVs released by microglia, similarly to EVs released by macrophages, recapitulate, in their cargo, the inflammatory information of the donor cell (Garzetti et al., 2014; Cunha et al., 2016).

Microglial cells acquire a dysfunctional phenotype in many CNS pathologies, losing their ability to monitor and preserve brain homeostasis. In the context of glioma, tumor associated myeloid cells (TAMs) modify their phenotype and local microenvironment toward a pro-tumor, anti-inflammatory state supporting tumor cell proliferation, survival, and invasion (da Fonseca and Badie, 2013).

In this work, we investigated the role of MV released by polarized microglia on the modulation of microglia state in vivo, to verify the hypothesis to use MV to help host microglia to reacquire a homeostatic state in the context of glioma. At this aim EVs, and in particular microvesicles (MV) and exosomes (Exo) released by microglia in inflammatory conditions were isolated and analyzed for their in vitro and in vivo effects in glioma bearing mice. We demonstrated that in vitro, microglia derived LPS/IFNγ-MVs reduced the expression of anti-inflammatory genes in IL4-treated microglia. In vivo, LPS/IFNγ-MVs injected in the brain of mice with glioma reduced the anti-inflammatory phenotype of TAMs and significantly reduced tumor size and tumor induced neurotoxicity. We suggest that the cargo of LPS/IFNγ-MV, which contains specific mRNA for inflammatory genes, transfer this information to recipient cells modifying their gene expression profile toward a protective one. Altogether, these findings demonstrate that the administration of exogenous EVs could be a valuable approach to transfer protective signals to TAMs, restoring the homeostatic microglia phenotype.



RESULTS

Dimensional and Morphological Analyses of EVs Derived From Microglia

EVs, in particular microvesicles (MV) and exosomes (Exo), were obtained from BV2 cell line and primary mouse microglia. EV sizes were measured by Dynamic Light Scattering (DLS) performed at a constant temperature of 15°C. The CONTIN distribution demonstrated that BV2-derived MV (Figure 1A) had a polydispersity of 20%. The intensity-weighted distribution of hydrodynamic diameter shows that the main population peaked around 300 nm, providing 90% of the total scattered intensity, as evidenced by the integral of the distribution reported in the inset of Figure 1A. In MV released by primary microglia (Figure 1B) a polydispersity of 30–40% was obtained and two main populations were identified: the first peaked at 250 nm and the second at 880 nm. The distribution integral (inset of Figure 1B) highlights that 20% of the total scattered intensity is due to the smallest population, while 50% is due to the largest one. Exo had a polydispersity around 30–40%. Due to their size, the volume-weighted is the most accurate distribution to obtain qualitative information on sample composition. Seventy percent of Exo has a mean size of 34 ± 4 nm (derived from BV2 cells, Figure 1C) and of 39 ± 4 nm (derived from primary microglial cells, Figure 1D), while larger aggregates provide little contribution to the volume-weighted distribution, as evidenced in the insets of Figures 1C,D. For both populations there is a 30% of contribution to the overall scattered intensity due to larger aggregates.
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FIGURE 1. Hydrodynamic diameter distribution (d) as obtained from CONTIN analysis of the intensity autocorrelation curves, for microvesicles obtained from BV2 microglia cell line (A) and from primary murine microglia (B), for exosomes from BV2 (C) and primary microglia (D), reported as intensity-weighted distribution. The overall normalized integral of the distribution is also reported in the inset of the relative panels (SID, scattering intensity distribution; SII, scattering intensity integral). Gray lines are fits through Log-normal distribution. (E) Transmission electron microscopy of EVs derived from BV2 cells. Bar = 100 nm, direct magnification 40000×, print magnification 213000×.



EVs derived from BV2 cells were analyzed at the transmission electron microscopy: data shown in Figure 1E identify the typical round vesicle morphology and underlined a scattered composition in size, with the presence of aggregates (Figure 1E), that confirmed DLS data above reported.

MV Derived From Microglia Treated With LPS/IFNγ Reduce Migration and Invasion of GL261 Glioma Cells and Are Neuroprotective Against Glioma Excitotoxicity in vitro

Cultured primary microglia and BV2 cells were treated with LPS/IFNγ or IL 4. We previously verified microglia polarization by mRNA analysis (Grimaldi et al., 2016); we confirmed these data showing that LPS/IFNγ-treated cells increased NO release and that IL-4-treated cells increased Arg1 expression and activity (Supplementary Figure S1 and related Supplementary Methods). Quantification of MV released by control (C-MV), LPS/IFNγ-treated (LPS/IFNγ-MV), and IL4-treated BV2 cells (IL4-MV) was measured by Laser Transmission Spectroscopy (LTS) (Li et al., 2010). LTS measurements showed that the number (N) of MV/cell in these three conditions was not significantly different (Figure 2A). MV were then tested to verify their ability to interfere with glioma cell migration and proliferation. Data shown in Figure 2B illustrate that GL261 migration was impaired by LPS/IFNγ-MV, while GL261 migration increased upon IL 4-MV treatment, at 24 and 48 h. In contrast, neither LPS/IFNγ-Exo nor IL 4-Exo (released by primary microglia) affected GL261 migration (Supplementary Figure S2). Based on these results, for successive experiments we decided to focus our interest only on the effect of MV. Similarly to migration, results obtained on CXCL12-induced GL261 invasion, demonstrated inhibitory effects of LPS/IFNγ-MV and no effects of IL 4-MV (Figure 2C). Note that basal GL261 invasion was significant reduced in the presence of LPS/IFNγ-MV and was significant enhanced in the presence of IL 4-MV. These data indicate that microglia-derived MVs modulate glioma cell movement and invasion.
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FIGURE 2. (A) Density distribution of BV2-derived MVs, together with the transmission coefficient as a function of the wavelength (inset). The integral of the density distribution showed the number of MV per ml. Normalizing, the number of vesicles produced by each cell in control condition is N = 1.5 × 104 (C-MV), with LPS/IFNγ is N = 1.4 × 104 (LPS/IFNγ-MV), with IL4 is N = 1.2 × 104 (IL4-MV). (B) GL261 glioma cells were treated with MV obtained from untreated microglia (C-MV), microglia treated with LPS/IFNγ (LPS/IFNγ-MV) and IL 4 (IL 4-MV) and a wound healing assay was performed. GL261 migration was measured 24 and 48 h after treatment, data are expressed as mean percentage of wound healing area ± SE, N = 4, ∗P < 0.001 vs. C-MV (one way analysis of variance, Holm-Sidak method). On the right, representative wound healing assay on GL261 cells at 0 h and after 24 and 48 h of C-MV, LPS/IFNγ-MV and IL 4-MV treatment. (C) GL261 cells were assayed for basal invasion (C) and CXCL12-induced invasion in presence of MV obtained from untreated microglia (C-MV), microglia treated with LPS/IFNγ (LPS/IFNγ-MV) and IL 4 (IL 4-MV) in a Boyden chamber system. GL261 invasion was measured as mean percentage ± SE, N = 4; ∗P < 0.05 and ∗∗P < 0.001 (one way analysis of variance, Holm-Sidak method). (D) GL261 cells were assayed for cell viability without MV (no-MV), in presence of MV obtained from untreated microglia (C-MV), microglia treated with LPS/IFNγ (LPS/IFNγ-MV) and IL 4 (IL 4-MV) by MTT analysis. Cells were analyzed 0, 24, 48, 72, and 96 h after plating. Viability was reported in optical density (OD) mean ± SE, N = 4; no statistical significance vs. C-MV (one way analysis of variance, Holm-Sidak method). (E) GL261 cell proliferation was measured as % mean ± SE of BrdU+ GL261 cells untreated (no-MV), treated with MV obtained from untreated microglia (C-MV), microglia treated with LPS/IFNγ (LPS/IFNγ-MV) and IL 4 (IL 4-MV) for 24 h, N = 4, no statistical significance vs. C-MV (one way analysis of variance, Holm-Sidak method). (F) GL261 cells, co-cultured with hippocampal neuroglial cultures (as depicted in the inset) were treated for 18 h with MV obtained from untreated microglia (C-MV), microglia treated with LPS/IFNγ (LPS/IFNγ-MV) and IL 4 (IL 4-MV), were analyzed for viability by trypan Blue staining. Data are expressed as number of viable cells/field ± SE, N = 3; ∗∗ P < 0.05, Student’s t-test. (G) Hippocampal neuroglial cultures alone or co-cultured with GL261 cells (as depicted in the inset of panel F) were treated with MV obtained from untreated microglia (C-MV), microglia treated with LPS/IFNγ (LPS/IFNγ-MV) and IL 4 (IL 4-MV) for 18 h and were analyzed for neuronal viability. Data are expressed as number of viable cells/field ± SE, N = 3, ∗P < 0.001, Student’s t-test.



To investigate the effect of MV on glioma cell viability and proliferation, MTT assay and BrdU staining were performed. Results reported in Figure 2D show that neither LPS/IFNγ-MV nor IL 4-MV directly modulate GL261 viability, at 24, 48, 72, or 96 h. Similarly, no changes in proliferation rate were induced by LPS/IFNγ-MV or by IL 4-MV, measured by bromodeoxyuridine (BrdU) staining after 24 h (Figure 2E) and 48 h (data not shown). To investigate whether microglia-derived MV could exert indirect effects on glioma, cells were co-cultured with a mixed neuroglia culture in the presence of LPS/IFNγ-MV, for 18 h: in these conditions a reduction of GL261 viability was observed (Figure 2F), indicating an indirect effect of MV on glioma cell viability. In these same co-culture experiments, we also analyzed the effect of MV on neuron survival and observed (Figure 2G) that LPS/IFNγ-MV counteracted GL261-induced neurotoxicity, while IL 4-MV were ineffective.

Microglia-Derived LPS/IFNγ-MV Reduce Tumor Size in Mice

The above reported data prompted us to investigate the effect of LPS/IFNγ-MV in a mouse model of glioma. At this aim, GL261 cells were brain injected in the striatal region of the right hemisphere and, after 7 and 14 days, primary microglia-derived MV were infused in the tumor region via an implanted cannula. Fifteen days after tumor injection (Figure 3) LPS/IFNγ-MV treated mice had a significant reduction of tumor size while mice treated with IL 4-MV significantly increased the size of their brain tumors. Similar results were obtained with BV2-derived MV (Supplementary Figure S3). To investigate whether these effects on tumor size were mediated by alterations of GL261 cell proliferation, mice treated as in Figure 3 were given BrdU 2 h before euthanasia. Quantification of BrdU-labeled cells, normalized for tumor area, revealed a significant reduction of cell proliferation in the tumoral region (Figure 4A) of LPS/IFNγ-MV treated mice. Treatment with LPS/IFNγ-MV also reduced glioma cell migration in vivo, as reported in Figure 4B, where tumor cell invasion was calculated as the number of cells protruding more than 150 μm from the main tumor mass. In the peritumor region, we evaluated neuronal death by Fluoro Jade staining, comparing mice treated with LPS/IFNγ-MV with control mice. Data shown in Figure 4C demonstrate that neuronal death was significant reduced in LPS/IFNγ-MV treated mice, demonstrating in vivo a neuroprotective effect of LPS/IFNγ-MV against tumor-induced excitotoxicity.
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FIGURE 3. Tumor size in the brain of GL261-bearing mice treated with vehicle or MV obtained from microglia treated with LPS/IFNγ (LPS/IFNγ-MV) and IL 4 (IL 4-MV). Tumor size (in mm3) was reported as mean ± SE, N = 7/experimental group, ∗P < 0.05, ∗∗p ≤ 0.001 vs. vehicle, Student’s t-test. On the top, representative coronal brain sections of GL261-bearing mice treated as above, stained with hematoxylin-eosin; tumor area in the dashed line.
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FIGURE 4. (A) Cell proliferation, measured as BrdU+ cell area/tumor area in GL261-bearing mice treated with vehicle or MV obtained from microglia treated with LPS/IFNγ (LPS/IFNγ-MV), data are expressed as mean percentage ± SE, N = 3, ∗∗P ≤ 0.001 vs. vehicle, Student’s t-test. On the right: representative immunofluorescence on coronal brain slices of GL261-bearing mice treated as above (BrdU in green; Hoechst in blue), scale bars, 20 μm. (B) Glioma cells invading the brain parenchyma for more than 150 μm beyond tumor border 17 days after glioma cell transplantation in GL261-bearing mice treated with vehicle or MV obtained from microglia treated with LPS/IFNγ (LPS/IFNγ-MV), data are expressed as mean cell number ± SE, N = 3/experimental group, ∗∗P ≤ 0.001, Student’s t-test vs. vehicle. On the right, representative brain peritumoral sections stained with haematoxylin/eosin; white arrows indicate glioma cells invading the brain parenchyma beyond the main tumor border for more than 150 μm (dashed line); scale bars, 20 μm. (C) Neuronal death, measured as Fluoro Jade+ cells/tumor area in GL261-bearing mice treated with vehicle or MV obtained from microglia treated with LPS/IFNγ (LPS/IFNγ-MV), data are expressed as mean percentage ± SE, N = 3, ∗∗P ≤ 0.001 vs. vehicle, Student’s t-test. On the right: representative immunofluorescence on coronal brain slices of GL261-bearing mice treated as above (Fluoro Jade in green; Hoechst in blue), scale bars, 20 μm.



All these data demonstrated that LPS/IFNγ-MV carry anti-tumor information that are effective in reducing tumor size in vivo.

Microglia-Derived LPS/IFNγ-MVs Modify the Phenotype of Tumor-Associated Microglia

To understand the mechanisms of action of the injected MVs, we first decided to investigate their cellular localization upon brain injection. At this aim, MVs derived from primary microglia, were stained with the membrane-selective dye PKH26 and brain injected in glioma bearing mice. Cerebral slices obtained from the tumoral region show the presence of PKH26-MV on both Iba1- and Iba1+ cells (Figure 5A). We never observed PKH26 staining outside the tumor area. It is known that a high amount of tumor associated microglia/macrophages (TAMs) are present in glioma, and may represent up to 50% of tumor mass (Hambardzumyan et al., 2016). TAMs exert tumor supporting function releasing factors that facilitate tumor proliferation and migration (Fonseca et al., 2012). We wonder whether the interaction of MVs with TAMs could modulate their pro-tumor activity, and investigated the effect of LPS/IFNγ-MV on gene expression of CD11+ cells isolated from the brains of glioma-bearing mice. As shown in Figure 5B, the expression of arg1, cd163, cd206, fizz1, and ym1 genes all correlated with an anti-inflammatory, pro-tumor phenotype, were up-regulated in CD11b+ cells in the ipsilateral hemisphere of glioma bearing mice and were significant reduced upon LPS/IFNγ-MV treatment (with the exception of fizz1). Similar modulatory effects were observed in vitro: as shown in Figure 5D, LPS/IFNγ-MV (derived from primary microglia) significant reduced the microglial expression of all analyzed genes (arg1, cd163, cd206, ym1, and fizz1) except ym1, indicating a direct modulation likely induced by MV cargo that enter microglia also in vitro (Figure 5C).
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FIGURE 5. (A) Immunofluorescence analysis for Iba1 (in green) of coronal brain sections from GL261-bearing mice treated with PKH26-stained MV (in red; Hoechst in blue) obtained from microglia. Tumor region at the right of the dashed line. In the merge, identification of two tumor regions shown at higher magnification. Scale bar: 20 μm (B) RT-PCR of anti-inflammatory genes (arg1, cd163, cd206, ym1, and fizz1) in CD11b+ cells extracted from brains of GL261-bearing mice treated with vehicle or MV obtained from microglia treated with LPS/IFNγ (LPS/IFNγ-MV). Data are the mean ± SE of fold increase (normalized vs. contralateral cerebral hemisphere of each animal; gene expression was normalized vs. gapdh), N = 5, ∗∗P < 0.001, ∗P < 0.05 vs. vehicle treated mice, Student’s t-test. (C) Merged of bright and fluorescence fields of microglia treated with IL 4 and incubated with PKH26-stained MV (in red) obtained from LPS/IFNγ-treated microglia. (D) RT-PCR on mRNAs of untreated or IL 4-treated microglia incubated with or without MV obtained from LPS/IFNγ-treated microglia, and analyzed for the expression of anti-inflammatory genes (arg1, cd163, cd206, fizz1, and ym1). Data are the mean ± SE of fold increase (normalized vs. gapdh), N = 3, ∗∗P < 0.001, ∗P < 0.05, Student’s t-test.



All these data suggest that LPS/IFNγ-MVs might directly signal to microglia and instruct these cells toward an antitumor phenotype.

mRNA Analyses of Microglia-Derived LPS/IFNγ-MV

To investigate the nature of the cargo transported by LPS/IFNγ-MV that could help the understanding of the above described mechanisms, the mRNA content of MVs released by primary microglia was analyzed by NanoString chip for the expression of 243 key inflammation-related genes and compared with MVs released by control, unstimulated microglia. As shown on Figure 6A, 18 genes were significantly up-regulated in LPS/IFNγ-MV. Data were confirmed by RT-PCR for tnf-α and il1b genes (Figure 6B), validating the immune panel system.


[image: image]

FIGURE 6. (A) mRNAs isolated from MV released by untreated microglia (C-MV) or microglia treated with LPS/IFNγ (LPS/IFNγ-MV) were analyzed by NanoString. Heat map analysis of NanoString data show hierarchical clustering of 18 differentially expressed genes between C-MV and LPS/IFNγ-MV, N = 4. The signals were normalized and transformed to the log2 scale. The color scale indicates the gene expression standard deviations from the mean, with black/blue for low expression and green/orange for the high expression levels. Eighteen genes (listed on the right) were considered significant because with at least 2.8-fold changes with P < 0.05 (Wilcoxon test) at the 95% confidence level. Dendrograms illustrate the relationship-distance between samples and genes. (B) RT-PCR on mRNAs isolated from MV derived from untreated microglia (C-MV) or microglia treated with LPS/IFNγ (LPS/IFNγ-MV) analyzed for the expression of il1b and tnf genes. Data are the mean ± SE of fold increase (normalized vs. gapdh), N = 3, ∗P < 0.05, Student’s t-test vs. C-MV. (C) The pie chart illustrates the distribution of the 18 differentially expressed genes across the 10 most significant functional categories defined by the Gene Ontology Biological process. The percentage numbers represent the frequency of genes in each category. Data were analyzed using FIDEA tool.



Pathway analysis, performed on the 10 most significant functional categories defined by the Gene Ontology Biological process (Figure 6C) indicated that LPS/IFNγ-MV contain 12% of genes involved in inflammatory responses (c3, ccl4, ccl5, cxcl2, cxcl9, tnf, ptgs2, ccl7, il1b, ccl2, ccl3, il1rn, hif1a), 14% of genes involved in defense responses (irf7, c3, ccl4, ccl5, cxcl2, cxcl9, tnf, ptgs2, mx1, ccl7, il1b, ccl2, ccl3, il1rn, hif1a), 12% of genes involved in responses to wounding (c3, ccl4, ccl5, cxcl2, cxcl9, tnf, ptgs2, ccl7, il1b, ccl2, ccl3, il1rn, hif1a), 12% of genes involved in immune responses (irf7, c3, ccl4, ccl5, cxcl2, cxcl9, tnf, mx1, ccl7, il1b, ccl2, ccl3, csf3), 4% of genes involved in regulation of natural killer cell chemotaxis (ccl7, ccl4, ccl3, ccl2, ccl5), 8% of genes involved in positive regulation of response to external stimuli (c3, ccl4, ccl5, tnf, ccl7, ptgs2, il1b, ccl2, ccl3), 10% of genes involved in regulation of cytokine production (irf7, c3, ccl4, ccl5, tnf, ptgs2, il1b, ccl2, ccl3, hif1a, cebpb), 13% of genes involved in immune system process (irf7, c3, ccl4, ccl5, cxcl2, cxcl9, tnf, mx1, ccl7, il1b, ccl2, ccl3, hif1a, csf3), 8% of genes involved in positive regulation of cytokine production (irf7, c3, ccl4, ccl5, tnf, ptgs2, il1b, ccl3, hif1a), and 7% of genes involved in leukocyte migration (ccl4, ccl5, cxcl2, tnf, ccl7, il1b, ccl2, ccl3). These data demonstrated that the MV mRNA content is highly complex, covering genes coding for proteins related to different pathways of the inflammatory process, and that their delivery to TAM might contribute to re-activate the immune response, which oppose glioma growth.



MATERIALS AND METHODS

Primary Brain Cells Cultures

Neuroglial cultures were prepared from 0- to 2-day-old (p0–p2) C57BL/6N mice as already described (Lauro et al., 2010); neurons-astrocytes-microglia ratio is 60-35-5%. Microglia cultures were obtained as already reported (Grimaldi et al., 2016) and were 98% Iba1+ positive (Lauro et al., 2010).

Cell Lines

BV2 murine microglial cells and GL261 murine glioma cells were cultured in DMEM supplemented with 10–20% heat-inactivated FBS, 100 IU/ml penicillin G, 100 μg/ml streptomycin, 2.5 μg/ml amphotericin B and grown at 37°C in a 5% CO2 and humidified atmosphere.

Microglia Stimulation (Polarization)

Primary microglia and BV2 cells were treated for 24 hours with IFN-γ (20 ng/ml) and LPS (100 ng/ml), or with IL-4 (20 ng/ml) or with EVs.

Extraction of EVs

Cytokine-treated microglia were stimulated for 30 min with ATP (1 mM) in KRH (125 mM NaCl; 5 mM KCl; 1.2 mM MgSO4; 1.2 mM KH2PO4; 2 mM CaCl2; 6 mM D-glucose; 25 mM HEPES/NaOH, pH = 7.4). Cell supernatant was collected and centrifuged at 800 g for 5 min to remove cell debris. The obtained supernatant was centrifuged at 10000 g for 30 min at 4°C and the resulting pellet, containing MVs, was re-suspended in KRH buffer for DLS, LTS and transmission electron microscopy, in PBS for in vivo experiments or in serum-free DMEM for microglia stimulation, MTT, wound healing and BrDU proliferation assays. Remaining supernatant underwent ultracentrifugation at 100,000 g for 1-h at 4°C. The Exo, present in this second pellet, were re-suspended in KRH buffer for DLS measures and in serum free DMEM for wound healing assay. The same protocol permits to eliminate EVs from the medium used to re-suspend MVs and Exo and guarantees that the EVs obtained only derived from polarized microglial cells. In some experiments, EVs were labeled with PKH26, a lipophilic membrane red fluorescent dye (PKH26 GL-1KT, Sigma-Aldrich) according to manufacturer protocol. Briefly, PKH26 dye was re-suspended in diluent C to a final concentration of 0.6 μM (dye solution). MV were re-suspended in 500 μL of dye solution and incubated for 5 min, while mixed with gentle pipetting. Excess dye was bound with 500 μL EVs-depleted bovine serum albumin (1%, Sigma-Aldrich). MV pellet, obtained by centrifugation (10000 × g, 30 min, 4°C) was washed twice in PBS. PKH26-stained MV were re-suspended in PBS for in vivo administration and in serum-free DMEM for in vitro treatment. In all the experiments, the same procedure of staining minus MV was performed as control condition.

Dynamic Light Scattering and Data Analysis

Dynamic light scattering (DLS) measurements were performed using a standard optical setup. The monochromatic and polarized beam emitted from a He-Ne laser (10 mW at λ = 632.8 nm) was focused on the sample placed in a capillary of 2 mm of diameter positioned in a cylindrical VAT for index matching and temperature control. The scattered intensity was collected at a scattering angle θ = 90°that, according to the relation Q = (4πn/λ) sin(θ/2), corresponds to a scattering vector Q = 0.0187 nm-1. A single mode optical fiber collected the scattered light as a function of time and the signal was detected by a photomultiplier. In this way the normalized intensity autocorrelation function g2(Q,t) = < I(Q,t)I(Q,0)>/<I(Q,0) >2 with a high coherence factor close to the ideal unit value was measured. Measurements were performed at fixed temperature around 15°C. Reproducibility has been tested by repeating measurements several times on different samples. The intensity correlation curves obtained from DLS experiments have been analyzed with the Laplace inversion through the CONTIN algorithm weighted as overall contribution to the scattered intensity. However, the scattered intensity depends on the squared volume of the scattering particle, thus leading to an overestimation of the large particles. Therefore, this approach has good reliability for samples of EVs, whose hydrodynamic diameter is expected in the range Dh = 100÷1000 nm. On the other hand, small particles are under-represented in the intensity-weighted distribution and Laplace transformation can be very inaccurate. To represent the hydrodynamic diameter distribution of Exo with size expected in the range Dh = 10÷100 nm the volume-weighted distribution has been chosen. The mean size of each population has been calculated by fitting the scattering intensity distribution with a Log-normal function.

Laser Transmission Spectroscopy

Laser Transmission Spectroscopy (LTS) allows to obtain the density of MV in suspension by measuring the transmission of laser light (at zero angle with respect to the incoming beam) through the suspension as a function of wavelength (Li et al., 2010). The transmission of light through the MV sample (re-suspended in KRH) is recorded along with that of KRH. The fundamental data-acquisition process involves measuring the wavelength-dependent transmission of light through an aqueous suspension of vesicles. Given the extinction information, and the known wavelength-dependent properties of the vesicles, Mie theory can be used to accurately determine their density distribution as a function of diameter. The extinction data are analyzed and inverted by a mean square root-based algorithm that outputs the particle size distribution. The integral of the density distribution provides the number of MV per ml of solution and the absolute number (N) of MV per cell is calculated as the ratio between the number of MV in a given volume and the total number of MV donor cells.

Transmission Electron Microscopy

Microvesicles derived from BV2 cells (extracted as above) were fixed by glutaraldehyde 2.5% in PBS buffer pH 7.4 at least 2 h and gently resuspended in PBS buffer. A drop of the solution was put on a Formvar copper grid 200 mesh for 10 min. After drying with filter paper, uranyl acetate aqueous solution (1%, 1 min) was used for negative staining. Samples were observed with a ZEISS EM 10 transmission electron microscope equipped with a Gatan CCD camera at 60 kw.

Neuronal Viability Assay

Neuroglial cultures at 9–11 days in vitro were co-cultured with GL261 cells (5 × 104/well) in the presence or absence of EVs with a ratio of donor:target cells 1:1. After 18 h, cells were treated with detergent-containing buffer and counted in a haemocytometer as already described (Lauro et al., 2010).

MTT Cell Viability Assay

GL261 cells were seeded into 24-well plates and treated with vehicle (untreated), IFN-γ /LPS- or IL 4-MV for 3 days. MTT (500 μg/ml) was added into each well for 1.5 h. DMSO was then added to stop the reaction and the formazan produced was measured at 570 nm. Viability of cells was expressed relative to absorbance.

Wound-Healing Assay

GL261 cells (5 × 105/ml) were seeded into the inner wells of cell culture inserts (ibidi, Germany) placed in a Petri dish. Once attached to the substratum, the inserts were removed, leaving a central 500 μm cell-free septum in which cells could migrate. Cell medium with MV released by IFN-γ /LPS- or IL 4-treated microglia (ratio 1:1 = donor: target cells) was added. Cells were incubated with a cell cycle blocker (cytarabine, 10 μM) to prevent GL261 proliferation for all the time of the experiment. Dishes were maintained at 37°C, 5% CO2. Pictures of the starting point (0 h) and 24 and 48 h after treatment were taken at a phase contrast microscope (Nikon) and processed through MetaMorph 7.6.5.0 software (Molecular Device). GL261 migration was evaluated by the area between the two cell fronts (by ImageJ software) and data are expressed as % of area occupied by cells.

Invasion Assay

GL261 cells (7 × 103 cells/cm2) were plated on matrigel-coated polycarbonate membranes (8 μm diameter pores, Corning) of a Boyden Chamber system in presence of IFN-γ /LPS-MV or IL 4-MV (ratio 1:1 donor:target cells) and incubated for 48 h at 37°C with CXCL12 (100 nM, Peprotech) in the lower chamber as chemoattractant. The experiments were performed in presence of cytarabine (10 μM). Cells adhering to the upper side of the membranes were scraped off, whereas cells that have invaded through the pores were stained with a solution containing 50% isopropanol, 1% formic acid, and 0.5% (wt/vol) brilliant blue R 250 and counted in more than 20 fields with a 20× objective.

In vivo Experiments

Experiments were approved by the Italian Ministry of Health, in accordance with the ethical guidelines on use of animals from the EC Council Directive 2010/63/EU. Eight-week-old male C57BL/6N mice were injected with GL261, as previously described (Grimaldi et al., 2016), in the right striatal brain region. During surgery, a guide cannula was placed 2 mm deep in the striatum and it was fixed with quick-setting cement. After 7 and 14 days, mice were infused via cannula with MVs obtained from 1 × 106 microglia cells re-suspended in 4 μl PBS). The day after the second infusion, animals were sacrificed and analyzed for tumor size (Grimaldi et al., 2016). Alternatively, mice were deeply anesthetized and CD11b+ cells were isolated as already described (Grimaldi et al., 2016). Obtained cells were lysed in Trizol reagent (Invitrogen, Milan, Italy) for RNA extraction and Real Time PCR analysis.

BrdU Proliferation Assay

GL261 cells were grown on glass coverslips (1.5 × 104 cells/cm2) in 24-well plates for 18 h. Cells were exposed to vehicle or EV for 24 h, cellular proliferation was analyzed adding BrdU (10 μM, Sigma-Aldrich, B5002) for 30 min. Cells were washed in PBS, fixed (4% PFA, 30 min), permeabilized (1% Triton X-100, 15 min), blocked (1% BSA, 1 h) at RT and incubated overnight with anti-BrdU (1:200, Novusbio, NB500-169). Hoechst was used to stain all nuclei. BrdU positive cells were counted out of 800 cells for condition. Proliferation rate is calculated as BrdU+ cells respect to Hoechst stained cells. In vivo, 15 days after glioma cell injection, BrdU was i.p. injected (50 mg/kg). Two hours later, mice were killed and their brains processed for immunofluorescence.

Immunofluorescence

Coronal brain sections (20 μm) were washed in PBS, blocked (3% goat serum in 0.3% Triton X-100) for 1h at RT and incubated with anti-Iba1 (1:500, Wako, 019-19741, 4°C) or anti-BrdU (1:200, Novusbio, NB500-169, RT). Brain slices were stained with the fluorophore-conjugated secondary antibodies (1 h, RT) and Hoechst for nuclei visualization and analyzed using a fluorescence microscope. For Fluoro Jade-C staining, we followed the manufacturer instructions (Millipore, AG325).

Real Time PCR

RNAs extracted from all samples were quantified and retro-transcribed using IScriptTM Reverse Transcription Supermix (Bio-Rad). Real time PCR (RT-PCR) was carried out in an I-Cycler IQ Multicolor RT-PCR Detection System (Bio-Rad) using SsoFast Eva Green Supermix (Bio-Rad). The PCR protocol consisted of 40 cycles of denaturation at 95°C for 30 s and annealing/extension at 58°C for 30 s. The Ct values from each gene were normalized to the Ct value of GAPDH. Relative quantification was performed using the 2-ΔΔCt method and expressed as fold increase. Primer sequences: arg1, forward: CTCCAAGCCAAAGTCCTTAGAG, reverse: AGGAGCTGTCATTAGGGACATC; cd163 forward: GCTAGACGAAGTCATCTGCACTGGG, reverse: TCAGCCTCAGAGACATGAACTCGG; cd206 fw: CAAGGAAGGTTGGCATTTGT, reverse: CCTTTCAGTCCTTTGCAAGT; ym1 forward: CAGGTCTGGCAATTCTTCTGAA, reverse: GTCTTGCTCATGTGTGTAAGTGA; fizz1 forward: CCAATCCAGCTAACTATCCCTCC, reverse: ACCCAGTAGCAGTCATCCCA; gapdh forward: TCGTCCCGTAGACAAAATGG, reverse: TTGAGGTCAATGAAGGGGTC.

RNA Isolation and NanoString nCounter Analysis

Total RNA was isolated from microglia-derived MV by Total Exosome RNA Protein Isolation Kit (# 4478545, Invitrogen) and concentrated using the Microcon10 centrifugal filters (#MRCPRT010, Merck Millipore). Gene expression raw data were normalized considering housekeeping genes via nSolver Software (NanoString). Statistical analysis was conducted in R (version 3.5.0) with RStudio (version 1.1.3831). On normalized and log2-transformed data, differential expression was tested applying the Wilcoxon test (P < 0.05) and filtering by log2FC > 1.5. All differentially expressed genes were classified into several catalogs according to the Gene Ontology (GO) annotation. The over-representation analyses of GO terms, including biological process and molecular function, were performed using the FIDEA tool2.

Statistical Analysis

Statistical analyses were performed using SigmaPlot 11.0 Software unless otherwise stated.



DISCUSSION

The present study demonstrated that microglia-derived LPS/IFNγ-MV transfer a protective-antitumor phenotype to the brain of glioma bearing mice. We demonstrated that LPS/IFNγ-MV, which contain the transcripts for a number of inflammation-related genes, can modify TAMs phenotype reducing the expression of anti-inflammatory genes, exert protective effects on neurons and reduce glioma cell proliferation and invasion in surrounding parenchyma.

We have shown that LPS/IFNγ-MV contain 18 genes upregulated in comparison with MV isolated by unstimulated microglia. The majority of these genes referred to the immune response that could underlie the robust effect of MV on the modification of microglia phenotype. It is known that many solid tumors, such as colon-rectal, epithelial ovarian, brain and lung cancers, release EVs which are involved in supporting TAM reprogramming toward an anti-inflammatory, tumor-supporting phenotype (Fabbri et al., 2012; Challagundla et al., 2015; Neviani and Fabbri, 2015; Chen et al., 2017; Shinohara et al., 2017; Cooks et al., 2018). Our findings demonstrated that in the context of a brain tumor, microglia-derived MV can be used in reverse, as a tool to contrast glioma progression, modulating local microenvironment.

Previous reports described that EVs released from LPS stimulated BV2 cell line contain cytokines such as TNF-α and IL-6, as well as ribosome, focal adhesion, extracellular matrix, and membrane proteins (Yang et al., 2018). BV2-derived EVs expressing the cytokine IL-4, delivered in a mouse model of multiple sclerosis, propagated an anti-inflammatory response, upregulating microglia and macrophage expression of chitinase 3-like 3 (ym1) and arginase (arg-1), which reduced neuroinflammation with protective effects on tissues (Casella et al., 2018). Consistently, we observed that the EVs released by cytokine-stimulated microglia maintain the phenotype of the donor cells. This result is in line with the evidence that vesicles released by macrophages and dendritic cells reflect the inflammatory state of original cells (Kim et al., 2005; Viaud et al., 2009; Garzetti et al., 2014).

Microvesicle are supposed to transfer their cargo by docking at the plasma membrane of target cells, nevertheless the exact mechanism is not fully revealed. This interaction is neither stochastic nor unspecific because MV do recognize the target cells (Losche et al., 2004). The recognition takes place by activation of specific surface receptors (Gasser and Schifferli, 2004; Bianco et al., 2005), or by transfer of membrane receptors, as demonstrated for the chemokine receptor CCR5 (Mack et al., 2000) and the growth factor receptor EGFRvIII (Al-Nedawi et al., 2008). MV could function as messengers, being enriched in specific miRNA, mRNA, and proteins, to start an angiogenic program (Deregibus et al., 2007), to spread a danger signal through HMGB1 (Tucher et al., 2018) or to induce a developmental program (Ratajczak et al., 2006). In our experiments, we measured mRNA content of microglia released LPS/IFNγ-MV, but we cannot exclude additional transfer elements (such as membrane or signal proteins) from MV to glioma and TAM, responsible for the antitumor effects.

In addition to a modulation of TAM phenotype, we observed that LPS/IFNγ-MV affect glioma cell properties. We observed direct effects on glioma cell migration and invasion capability, and indirect effects on tumor cell viability, which requires the presence of parenchymal cells, likely microglia, as preferential target of microglia-derived EVs (Verderio et al., 2012). The effects of microglia-derived MV on GL261 cells could reflect the transfer of cell-donor information as reported for the first time for antigen-presenting cells that secrete exosomes able to stimulate T cell proliferation (Raposo et al., 1996) or, more recently in Alzheimer disease, for microglia released MV that exert toxicity on neurons (Joshi et al., 2014). In our experiments, EV-mediated reduction of tumor mass could be the cause of the EV-induced decreased neurotoxicity in the presence of glioma. However, we cannot exclude that EVs also directly target neurons, as shown by other authors (Antonucci et al., 2012; Chivet et al., 2014), but the lack of detectable PKH26-MV staining in extra tumoral regions of glioma bearing mice would suggest a direct or local paracrine effect. In addition, in vitro experiments demonstrated that microglia-derived MVs did not directly affect neuron viability.

The dimensional analyses of EVs extracted by primary mouse microglia and BV2 cell line reflect data reported on nervous system-released vesicles (Basso and Bonetto, 2016; Zappulli et al., 2016) and underline the similarity between primary microglia and cell lines, at least for EV dimension. Our TEM analysis shows that single particles have a spherical morphology; in addition to single EV, multiple aggregates are observed confirming size and shape already reported for EVs derived from microglial cells (Turola et al., 2012; Gouwens et al., 2018). In comparison with more physiological conditions (in vivo or ex vivo), cell lines and primary cultures of microglia display many differences in term of gene expression and response to stimuli (Horvath et al., 2008; Henn et al., 2009). However, there are evident advantages in using EVs derived from microglia cells lines, such as the possibility to obtain sufficient EVs for potential therapeutic application and the similar results obtained with MV from BV2 or from freshly isolated microglia encourage in this direction. However, a detailed analysis of the cargo differences in MV obtained from cell lines, cultured or freshly obtained microglial cells is lacking.

The choice to deliver MV in situ into the tumor region allowed us to use a relatively small amount of vesicles per infusion and to observe a direct effect on tumor mass. Different brain delivery of EVs, as into the cisterna magna (Casella et al., 2018), would give additional information on the effects of EVs in the contralateral hemisphere, for the multicellular targets of EVs. Additional delivery methods were tested for EVs, such as the intravenous (Alvarez-Erviti et al., 2011) and intra-nasal (Zhuang et al., 2011) approach. Intravenous administration permits indirect access of MV to the brain through the initial absorption in different cells (Laso-García et al., 2018). Intranasal delivery might reduce the final brain concentration due to lungs and gastrointestinal tract dilution. Nevertheless, both delivering routes would be easily reproduced in humans, while intratumor transfer would be only possible upon surgery procedures during glioma removal. For that reason, alternative EV injection routes, in glioma models, need further investigations. For brain tumor treatment, EVs have been tested to convey specific molecules such as small interference RNAs for TGF beta 1 and VEGF (Zhang et al., 2014; Yang et al., 2017), pro-apoptotic peptides (Ye et al., 2018), and chemotherapeutic drugs (Tang et al., 2012; Yang et al., 2015). EVs are preferred to artificial nanoparticles for their low toxicity (Lewinski et al., 2008; Shvedova et al., 2010).

To our knowledge, this is the first evidence that, in the context of a brain glioma, microglia-derived MVs can be used to transfer a cargo of molecular information that reach TAM restoring a neuroprotective phenotype, modulating their inflammatory state and re-establishing a homeostatic brain microenvironment.
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Insulin-like growth factor 1 (IGF-1) is a powerful regulator of synaptic activity and a deficit in this protein has a profound impact on neurotransmission, mostly on excitatory synapses in both the developing and mature auditory system. Adult Igf1−/− mice are animal models for the study of human syndromic deafness; they show altered cochlear projection patterns into abnormally developed auditory neurons along with impaired glutamate uptake in the cochlear nuclei, phenomena that probably reflect disruptions in neuronal circuits. To determine the cellular mechanisms that might be involved in regulating excitatory synaptic plasticity in 4-month-old Igf1−/− mice, modifications to neuroglia, astroglial glutamate transporters (GLTs) and metabotropic glutamate receptors (mGluRs) were assessed in the cochlear nuclei. The Igf1−/− mice show significant decreases in IBA1 (an ionized calcium-binding adapter) and glial fibrillary acidic protein (GFAP) mRNA expression and protein accumulation, as well as dampened mGluR expression in conjunction with enhanced glutamate transporter 1 (GLT1) expression. By contrast, no differences were observed in the expression of glutamate aspartate transporter (GLAST) between these Igf1−/− mice and their heterozygous or wildtype littermates. These observations suggest that congenital IGF-1 deficiency may lead to alterations in microglia and astrocytes, an upregulation of GLT1, and the downregulation of groups I, II and III mGluRs. Understanding the molecular, biochemical and morphological mechanisms underlying neuronal plasticity in a mouse model of hearing deficits will give us insight into new therapeutic strategies that could help to maintain or even improve residual hearing when human deafness is related to IGF-1 deficiency.
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INTRODUCTION

Gene knockout studies in mice have demonstrated that insulin-like growth factor 1 (IGF-1), a growth promoting hormone, is essential for the proper functioning of the inner ear (Magariños et al., 2012; Varela-Nieto et al., 2013; Yamahara et al., 2015). A loss of this factor causes significant anomalies in the development of cochlear circuits during postnatal development, which impairs peripheral function in these animals (Camarero et al., 2001, 2002; Cediel et al., 2006; Riquelme et al., 2010). Indeed, immature patterns of cochlear innervation persist in postnatal day 20 (P20) knockout mice and the spiral ganglion is abnormal, phenomena that are associated with increased auditory thresholds between the ages of 1–12 months and that ultimately result in severe sensorineural deafness (Murillo-Cuesta et al., 2011). Consequently, there is hypotrophy and hypoplasia in the cochlear nucleus of adult Igf1−/− mice, which develops in parallel with higher wave II amplitudes in auditory brainstem responses (ABRs). The lack of IGF-1 also modifies excitatory but not inhibitory synapses in the cochlear nuclei, evident as an upregulation in the vesicular glutamate-transporter 1 (VGluT1; Fuentes-Santamaría et al., 2016). This modulation involves myocyte enhancer factor-2 (MEF2) transcription factors, which are downregulated in the IGF-1-deficient cochlea and cochlear nucleus, and that play a pivotal role in regulating excitatory synapses (Flavell et al., 2006; Ruffle et al., 2006; Sanchez-Calderon et al., 2010; Rashid et al., 2014).

Glia are closely associated with synapses and they are key regulators of synaptic neurotransmission in the central nervous system (CNS; Bacci et al., 1999; Hansson and Rönnbäck, 2003; Ullian et al., 2004; Slezak et al., 2006). In the healthy brain, quiescent microglial cells are very dynamic, and they act as sensors to maintain environmental homeostasis in the CNS. Along with their well-established role as modulators of brain inflammation, responsive microglia monitor neuronal excitability and they regulate synapse formation, maturation and pruning by secreting factors that affect synaptic responses (Eroglu and Barres, 2010). Under pathological conditions, these non-neuronal cells also represent the first line of defense in the CNS, responding quickly to signals released by injured neurons and by synapses, by modifying their structural appearance and physiology (Wolf et al., 2017). Studies based on glia-free culture of isolated cortex, retinal ganglion cells or spinal motor neurons have revealed that astrocytes also contribute to the formation, maturation and stability of synapses (Nakanishi et al., 1994; Pfrieger and Barres, 1996; Ullian et al., 2001). When extracellular glutamate levels increase, accumulation of this neurotransmitter is avoided by the clearance of glutamate from the synaptic cleft by excitatory amino acid transporters (EAATs) on astrocytes, preventing excess receptor activation and hence, glutamate excitotoxicity (Danbolt, 2001). These non-neuronal cells express both the EAAT1/glutamate aspartate transporter (GLAST) and EAAT2/GLT1 human/rodent carrier subtypes, and although their expression is region-selective (Lehre et al., 1995), GLT1 appears to be responsible for most of the glutamate uptake at excitatory synapses (Rothstein, 1996; Lehre and Danbolt, 1998). More specifically, GLAST and not GLT1 is expressed strongly by inner supporting cells in the developing and adult mouse cochlea (Furness and Lehre, 1997; Furness and Lawton, 2003; Jin et al., 2011), and it is responsible for glutamate removal at the synapse between inner hair cells and Type I spiral ganglion neurons (Glowatzki et al., 2006). Fibrocytes in the spiral ligament and spiral limbus also express high levels of GLAST, suggesting that these cells also regulate cochlear glutamate uptake (Furness et al., 2009). The fact that GLAST-deficient mice accumulate glutamate in the perilymph in response to acoustic overstimulation led to the proposal that this carrier protects against noise-induced hearing loss (Hakuba et al., 2000; Chen et al., 2010). Ultrastructural studies in the mouse have also provided evidence that both Na+-dependent glutamate transporters (GLTs) are expressed strongly in the cochlear nucleus, where they might modulate synaptic function (Josephson and Morest, 2003). GLT1 is also expressed by primary auditory neurons and glial cells in the spiral ganglion (Rebillard et al., 2003).

By competing for neurotransmitter binding and/or uptake, GLTs also modify the activation state of receptor populations at nearby synapses (Huang et al., 2004; Galik et al., 2008; Benediktsson et al., 2012). As such, electrophysiological recordings in acute hippocampal slices demonstrate that selective pharmacologic inhibition of astrocyte GLTs modifies the access of mGluRs to glutamate released at interneuron synapses (Huang et al., 2004; Nicoletti et al., 2011). These mGluRs are G-protein coupled receptors (GCPRs) that activate multiple signaling pathways to drive slow neuronal excitation in the brain (Niswender and Conn, 2010). Based on their specific properties, these receptors have been divided into groups I (mGluR1 and mGluR5), II (mGluR2 and mGluR3) and III (mGluR4, mGluR6, mGluR7, mGluR8), each of which seems to be involved in modulating cell excitability and synaptic transmission (Ferraguti and Shigemoto, 2006). The expression of mGluRs in the mammalian and avian auditory system has been seen to vary depending on the specific nucleus and the cell types they contain (Petralia et al., 2000; Lu, 2014). For example, mGluR1 and mGluR2 mRNA and protein has been detected in both the dorsal and ventral subdivisions of the cochlear nuclei, most intensely in the dorsal cochlear nucleus (DCN) where they seem to be located both pre- and post-synaptically (Bilak and Morest, 1998; Petralia et al., 2000; Kemmer and Vater, 2001; Nicholas and Hyson, 2004; Diaz et al., 2009; Martinez-Galan et al., 2010; Carzoli and Hyson, 2011, 2014). However, there is some controversy regarding the expression of the mGluR4 and mGluR7 subunits, and little information is available about mGluR3, mGluR5, mGluR6 and mGluR8 (Lu, 2014).

In the present study, we have assessed whether IGF-1-dependent alterations in synaptic neurotransmission in the cochlear nuclei involve glial cell dysfunction. Given that neuroglia actively participates in regulating synaptic transmission, the expression of ionized calcium-binding adaptor 1 (IBA1) and glial fibrillary acidic protein (GFAP) mRNA and protein was evaluated in mice lacking the Igf1 gene as markers of microglial and astrocytes, respectively. In addition, as the activity of the glutamatergic system is impaired in Igf1−/− mice, possible abnormalities in the expression of the astroglial glutamate carriers (GLT1 and GLAST) and metabotropic glutamate receptors (mGluR1–5) were also investigated.



MATERIALS AND METHODS


Mouse Handling and Genotyping

Mice heterozygous for the Igf1 gene (Igf1+/−) were maintained on a hybrid MF1 and 129/sv genetic background to increase the survival of Igf1−/− animals (Liu et al., 1993). Igf1−/− mice mortality before adulthood is high, although between 20%–30% survived. Male and female Igf1−/−, Igf1+/− and Igf1+/+ mice littermates were used in this study, aged 4 months (n = 24), and they were genotyped as described previously (Sanchez-Calderon et al., 2010). The mice were fed tap water and a standard diet, and they were housed following recommendations of the Federation of European Laboratory Animal Science Associations. Animal experimentation was carried out in accordance with Spanish and European legislation (RD 53/2013; EU directive 2010/63/EU), and the protocols were approved by the Animal Care and Use Committees of Spanish National Research Council (CSIC).



Cytoarchitecture of the Mouse Cochlear Nuclei

The nomenclature used to define the cochlear nucleus complex was based on previous studies in the mouse (Mugnaini et al., 1980; Martin and Rickets, 1981; Lambert and Schwartz, 1982; Webster and Trune, 1982). The criteria for the classification of cochlear nucleus neurons were based on cell size, shape and location within the nucleus. As in other mammals, the cochlear nuclei can be divided into two major regions termed the DCN and the ventral cochlear nucleus. The DCN is a laminated structure composed of three layers; the superficial molecular layer (ml, layer 1), the granule/fusiform cell layer (grl, layer 2) and the deep layer or central region (cr, layer 3) of the nucleus. The layer 1 is composed of small stellate cells, cartwheel cells, granule cell axons and fusiform cell dendrites. The layer 2 is made up of diverse neuron types including fusiform cells, also known as pyramidal or principal cells, many granule cells and cartwheel cells while the layer 3 contains mostly giant cells and tuberculoventral cells. The ventral cochlear nucleus is further divided by the cochlear nerve root into posteroventral cochlear nucleus (PVCN) and anteroventral cochlear nucleus (AVCN) subdivisions. According to their size and morphology, there are three main types of ventral cochlear nucleus neurons: (1) globular and spherical bushy cells are mainly located in the AVCN; (2) multipolar cells are present in both the AVCN and the PVCN; and (3) octopus cells are found exclusively in the PVCN. The cochlear granule cell domain is a continuous sheet of tightly packed granule cells which covers the dorsal and ventral regions of the ventral cochlear nucleus and the granule/fusiform layer of the DCN. A lamina of these cells also extends medially and ventrally to separate the DCN from the PVCN.



RNA Isolation and Reverse Transcription Quantitative PCR

Mice were sacrificed by barbiturate overdose (Dolethal®, 40–90 mg/kg i/p), decapitated and a midline incision was made in the skin of the head to flip it over the eyes and free the skull. Next, a frontal bone cross-section in the skull in front of the olfactory bulbs and a caudal cross-section by the interparietal bone were made. Both sections were joined by a longitudinal section along the sagittal suture, which facilitated partial removal of the frontal and parietal bones and exposure of the encephalon. To locate the cochlear nuclei, different anatomical landmarks including the cerebellum, the inferior cerebellar peduncle and the spinal trigeminal tract were used as reference points (Franklin and Paxinos, 2013). After removal of the overlying cerebellar flocculus, the dorsal and ventral cochlear nuclei of Igf1+/+, Igf1+/− and Igf1−/− mice (at least n = 3 per genotype) were dissected off the dorsolateral part of the brainstem (Ryugo and Willard, 1985; Juiz et al., 2000; Fuentes-Santamaria et al., 2005; Caminos et al., 2015). Tissue samples were conveniently stabilized using RNAlater® and disrupted with a TissueLyser system. Total RNA was isolated and genomic DNA efficiently removed using the RNeasy Plus Mini Kit® automated on a QIAcube (QIAGEN), according to manufacturer’s instructions. Quality and quantity of RNA was further assessed by using the Agilent 2100 bioanalyzer, only samples with a RIN > 8.5 were used. Using equal quantities of this RNA from each individual mouse as a template, cDNAs were generated by reverse transcription (RT: High-Capacity cDNA Reverse Transcription Kit; Thermo Fisher Scientific) and amplified by quantitative PCR (qPCR) in a 7900HT System (ThermoFisher Scientific) as described previously (Fuentes-Santamaría et al., 2016). TaqMan® Gene Expression Assays1 (Life Technologies) were used to detect Iba1 (Mm00479862_g1), Gfap (Mm01253033_m1), Glast (Mm00600697_m1), Glt1 (Mm00441457_m1), mGluR1 (Mm01187089_m1), mGluR2 (Mm01235831_m1), mGluR4 (Mm01306128_m1) and mGluR7 (Mm01189424_m1). All probes used span exon/exon boundaries with the exception of Iba1 (Mm00479862_g1). Randomly, control reactions were carried out to secure the quality of the reagents used (no cDNA) and purity of RNA preparations (no RT). Hypoxanthine phosphoribosyltransferase 1 (Hprt1) and ribosomal protein lateral stalk subunit P0 (Rplp0) were used as endogenous reference genes for normalization, and the relative quantity (RQ) was calculated against calibrator samples, as determined by the 2−ΔΔCt method (Livak and Schmittgen, 2001). The data are presented as the mean RQ.



Characterization of Primary Antibodies

Information about the primary antibodies used in this study is summarized in Table 1. The anti- NeuN antibody was produced from the nuclei of mouse brain cells and as described previously (Mullen et al., 1992; Lind et al., 2005), it detects a single 48 kDa band in western blots of mouse brain tissue. It has been used as a neuronal maker as it recognizes the neuron-specific NeuN protein, which is widely expressed in peripheral and central neurons (Rasmussen et al., 2007). The staining pattern described here for the cochlear nuclei matches previous descriptions (Fuentes-Santamaría et al., 2012). The anti-calretinin (CR) antibody was raised against the human CR protein and its specificity has been assessed in Western blots of membrane fractions from the cochlear nucleus, recognizing a single specific 31 kDa band (Fuentes-Santamaria et al., 2005). The IBA1 antibody was raised against a synthetic peptide corresponding to the C-terminal fragment of rat protein, N-PTGPPAKKAISELP-C (Imai et al., 1996). This antibody recognizes a single band with an estimated molecular weight of 17 kDa, and it stains microglia and macrophages in the peripheral and central auditory system (Ito et al., 1998; Sasaki et al., 2001; Fuentes-Santamaría et al., 2012). The GFAP antibody was raised against GFAP from bovine spinal cord and it recognizes a single 50 kDa band in western blots that corresponds to the GFAP protein (Debus et al., 1983). GFAP is an intermediate filament protein and it mainly stains astrocytes in the mature CNS. It is important to note that GFAP is a reliable marker to label reactive protoplasmic and fibrous astrocytes but since some resting astrocytes express this marker only weakly, they might not be detected by immunohistochemistry (Sofroniew and Vinters, 2010). GFAP staining in the mouse cochlear nuclei with this antibody was consistent with previous studies in rodents (Fuentes-Santamaría et al., 2017). The anti-EAAT1 (GLAST) antibody was raised against a peptide mapping to the C-terminus of human EAAT1 and it detects a single band at approximately 65 kDa in Western blots of rat brain tissue. EAAT1 is an excitatory amino acid transporter expressed mainly in astrocytes and staining of the mouse cochlear nucleus with this antibody matched previous observations (Furuta et al., 1997; Schmitt et al., 1997). The anti-EAAT2 (GLT1) antibody was raised against a synthetic peptide from the carboxy-terminus of rat GLT1 and its target is also an excitatory amino acid transporter mainly located in astrocytes. Its specificity and staining pattern have been described elsewhere (Furuta et al., 1997; Atoji and Islam, 2009).


TABLE 1. List of primary antibodies.
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Immunohistochemistry

Under deep ketamine hydrochloride anesthesia (0.12 mg/g injected i.p.—intraperitoneal), mice (n = 15) were transcardially perfused with a 0.9% saline solution, followed by a solution of 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH 7.3). The brain of the mice was removed and incubated overnight in 30% sucrose in PB, and coronal sections (40 μm) were then obtained on a sliding microtome. The brain tissue from each genotype was processed simultaneously. The sections were rinsed in Tris-buffered saline (TBS, pH 7.4) containing 0.2% Triton X-100 (Tx) and incubated overnight (with agitation) at 4°C with a primary antibody raised against IBA1, GFAP, GLT1, GLAST or mGluR1α. After several rinses in TBS-Tx 0.2%, antibody binding was detected over 2 h with the corresponding biotinylated secondary antibodies (1:200; Vector Laboratories, Burlingame, CA, USA), and the antigen-antibody complex was visualized by incubating for 1 h in ABC reagent (PK-6100, vector laboratories, Burlingame, CA, USA) at room temperature and performing diaminobenzidine histochemistry. Finally, the sections were mounted onto gelatin-coated slides, air-dried and coverslipped using Cytoseal (Stephens Scientific, Camden, NJ, USA) for light microscopy analysis. Control experiments were performed by omitting either the primary or secondary antibody, or the ABC reagent, resulting in no staining.



Double Immunofluorescence Labeling

An alternate set of brain sections from these same animals was rinsed several times in PBS-Tx 0.2% and incubated overnight in the corresponding cocktail of primary antibodies. Sections were double-labeled with a solution containing primary antibodies against IBA1and NeuN, GFAP and NeuN, GLAST and calretinin (CR), or mGluR1α and NeuN, and single-labeled with GLT1 (Table 1). After four 15 min rinses in TBS-Tx (0.2%), the secondary antibodies (1:200) were applied for 2 h at room temperature: donkey anti-goat conjugated to Alexa 488 and donkey anti-rabbit conjugated to Alexa 594 for GLAST and CR; goat anti-rabbit conjugated to Alexa 488 and goat anti-guinea pig conjugated to Alexa 594 for IBA1/NeuN, GFAP/NeuN and mGluR1α/NeuN; goat anti-guinea pig conjugated to Alexa 594 for GLT1 (Molecular Probes, Eugene, OR, USA). These sections were then counterstained with DAPI (4′,6-diamidino-2-phenylindole; Molecular Probes, Eugene, OR, USA) and mounted.



Morphometric Analysis of Microglia Branching: Skeleton Analysis

To evaluate the possible modifications in the ramification of microglia in the cochlear nuclei due to IGF-1 deficiency, a skeleton analysis was performed using NIH ImageJ software (Schneider et al., 2012). The analysis of each nucleus was done on four sections from three mice per genotype. Images were captured with a 40× objective, converted into 16-bit scale and by using the thresholding function, the immunostained microglia were counted using a cell counter plug-in. The 16-bit scale images were then transformed into binary images that were subsequently, skeletonized (Figure 1). The Analyze Skeleton plug-in (version 3.1.32, Arganda-Carreras et al., 2010), was used to calculate the endpoints and the processes length in each field. The obtained values were normalized and expressed as endpoints/cell and process length/cell (Morrison and Filosa, 2013; Turlejski et al., 2016; Morrison et al., 2017). The following parameters were evaluated: (1) the number of microglial cells per field; (2) the number of microglia process endpoints per cell; and (3) the microglia process length per cell (μm). The endpoints/cell give us an estimate of the number of branch points of microglia, while the process length/cell gives us the mean length of microglial branches (Morrison and Filosa, 2013; Turlejski et al., 2016; Morrison et al., 2017). It is possible, at least in some instances that, after generating the skeleton, a few loops could be detected by the software in the resultant images. For pruning these loops, the software compares the original and the resulting skeleton images and by using, in our case, the method of the lowest intensity voxel, it excludes any voxel with intensities below the threshold. In that way, any possible loop/s that could affect the measurement will be eliminated. Similar to the densitometric analysis, and to avoid bias, all measurements were performed by the same experimenter blinded to the mouse genotype.
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FIGURE 1. Morphometric analysis of microglial branching. For the skeleton analysis, digital images of IBA1 immunostained cells were captured with a 40× objective (A,E), converted into binary images (B,F) and then skeletonized (C,G). To evaluate microglial morphology parameters, skeletonized images were processed using the Analyze Skeleton plugin for Image J. Each glial cell is identified with a different color. The representative glia is shown in purple, and part of the skeleton of the other glial cells is shown in yellow, blue and white (D,H).





Evaluation and Quantification of the Immunostaining


Light Microscopy

The brains that were processed for light microscopy were analyzed with brightfield illumination using a Nikon Eclipse photomicroscope equipped with a 40× objective. Images were captured with a DXM 1200C digital camera attached to the microscope. This study evaluates qualitatively and quantitatively the immunostaining produced by different antibodies used to label microglia, astrocytes, astroglial GLTs and mGluRs in the mouse cochlear nuclei. The qualitative parameters used to assess the immunostaining were: (1) cell morphology (ramified vs. bipolar), staining intensity (weak, moderate, or strong) and immunopositive profiles (cell/puncta) area. The quantitative analysis was provided through the use of custom-made macros that were written in a Pascal-like language (Xu et al., 2000; Alvarado et al., 2004). Captured color images of each selected field were digitized and the ensuing 8-bit images had a grayscale of pixel intensities that ranged from 0 (white) to 255 (black). Three animals of each genotype were used to evaluate the immunostaining in the DCN, PVCN and AVCN. In each coronal section, three microscopic fields (36.85 × 103 μm2; dorsal, middle and ventral) were sampled 160 μm apart using a 40× objective and a total of four sections per mouse were analyzed. To quantify the immunostaining, images containing grayscale values from 0 to 255 were normalized, and then, an automatic threshold was set as two standard deviations above the value of the field. Profiles exceeding the threshold for detection were considered as labeled. The mean gray level of the immunostaining and the immunostained area were used as indicators of the protein levels and cell/puncta immunostained area, respectively (Fuentes-Santamaria et al., 2005; Alvarado et al., 2007b, 2014; Adams et al., 2008). The immunostained area gave us an estimate of the area occupied by stained profiles and it was calculated as the sum of all the immunostained cellular elements present in the field (Benson et al., 1997; Fuentes-Santamaría et al., 2012, 2013). To avoid bias, all measurements were performed by the same experimenter blinded to the animal conditions.



Confocal Microscopy

The brains from each genotype were processed simultaneously and the cochlear nuclei photographed under similar conditions. For appropriate image acquisition and interpretation, the following parameters were controlled: laser intensity, detector gain, pinhole aperture, number of optical sections and Z-stacking. For each dye, optical sections every 2.5 μm through the thickness of each nucleus were captured sequentially with 40× or 63× Plan Apo oil-immersion objectives, merged and saved as TIFF files using the ZEN 2009 Light Edition software. Fluorescent sections were examined with a laser scanning confocal microscope (LSM 710: Zeiss, Germany) with excitation laser lines at 405, 488 and 594 nm.




Image Processing and Statistical Analysis

Photoshop CS3 (Adobe) and Canvas X (Deneba) were used to adjust the size, brightness and contrast of the images. The immunohistochemical and qPCR data were expressed as the means ± SD, and the statistical comparisons among genotypes were made using a one-factor analysis of variance and Scheffé’s post hoc analysis as necessary. A p-value < 0.05 was considered statistically significant, and the significance levels (α) and power (β) were set to 0.05 and 95%, respectively. Significant differences among animal groups are indicated by asterisks: *p < 0.05; **p < 0.01; and ***p < 0.001.




RESULTS


Altered Microglial Morphology and IBA1 Downregulation in Igf1−/− Mice

As alterations to microglia may lead to neuronal and synaptic dysfunction (Kettenmann et al., 2013; Wu et al., 2015), the morphology of these non-neuronal cells and their IBA1 expression was studied in the cochlear nuclei of Igf1−/− mice and compared to heterozygous and wild-type mice. Regardless of the genotype, microglia in both cochlear nucleus subdivisions had a resting phenotype, characterized by a small round cell body with ramified processes (Figures 2, 3). Qualitative observations showed that, when compared to the other genotypes, Igf1−/− mice exhibited more lightly stained microglia, which was coupled to an apparent decrease in both cell number and microglia ramification in all the nuclei analyzed (arrows in Figures 2C–E, 3E–G,K–M). To further assess the branching of microglia, reconstructed Z-stack confocal images of IBA1 stained microglia were also evaluated for each nucleus and genotype (arrows in Figures 2F–H, 3H–J,N–Q). This analysis of the confocal images also demonstrated that microglia in Igf1−/− mice had shorter processes, which covered a smaller surface area than in Igf1+/+ and Igf1+/− mice. These observations were corroborated by analyses of variance (ANOVA), which demonstrated a significant effect of IGF-1 deficiency over the mean gray levels of IBA1 immunostaining in the DCN (F(2,22) = 10.35, p < 0.001), PVCN (F(2,15) = 13.86, p < 0.001) and AVCN (F(2,18) = 13.81, p < 0.001), as well as over the immunostained areas in the DCN (F(2,22) = 10.77, p < 0.001), PVCN (F(2,15) = 9.94, p < 0.01) and AVCN (F(2,18) = 12.15, p < 0.001). Further analysis using a Scheffé’s post hoc test determined that the mean gray levels in the Igf1−/− mice were significantly lower than in the Igf1+/+ (p < 0.01 for the DCN, p < 0.001 for the PVCN and AVCN) and Igf1+/− (p < 0.05 for the DCN and AVCN, p < 0.01 for the PVCN) mice (Figures 2I, 4). Similar decreases were observed for the immunostained areas relative to the Igf1+/+ (p < 0.01 for the DCN, p < 0.05 for the PVCN and AVCN) and Igf1+/− (p < 0.01 for the DCN and PVCN, p < 0.001 for the AVCN) mice (Figures 2J, 4). Moreover, a one-way ANOVA analysis also identified an IGF-1 dependent effect on microglial ramification. Accordingly, the morphometric analysis of microglial branching revealed statistically significant decreases in the number of microglia/field in the DCN, PVCN and AVCN of Igf1−/− mice compared to Igf1+/+ and Igf1+/− mice, as well as in the microglia process endpoints/cell and microglia process length/cell (Tables 2, 3; also see 1). In accordance with the immunohistochemical data, qPCR gene expression studies detected weaker Iba1 mRNA expression levels in the cochlear nuclei of Igf1−/− mice relative to the other genotypes (p < 0.05, Figure 4E).
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FIGURE 2. IBA1 immunostaining in the DCN of Igf1−/− mice. (A) Coronal section of a wild-type mouse brain taken from the Franklin and Paxinos (2013) mouse brain atlas, to show the location of the DCN (red) and PVCN. (B) Representative coronal section of the cochlear nuclei in the wild-type genotype immunostained with IBA1. In Igf1−/− mice, cells with multipolar or bipolar morphology were stained more weakly, and they had shorter processes than in Igf1+/+ and Igf1+/− mice (arrows in C–E). The maximum intensity projections of confocal images of the DCN illustrate a reduction in microglial branching in Igf1−/− mice (arrow in H) when compared to the other genotypes (arrows in F,G). Quantification of the immunostaining showed the significant decrease in the mean gray levels (I) and the immunostained areas (J) in the Igf1−/− mouse when compared to the other genotypes. Arrows point to IBA1 immunostained cells. Cell nuclei in (F–H) are stained with DAPI (blue). The error bars indicate the standard deviations of the mean. Statistically significant differences among the animal groups were evaluated by one-factor analyses of variance (ANOVA; *p < 0.05; **p < 0.01). Abbreviations: Cb, Cerebellum; cr, central region of the dorsal cochlear nucleus (DCN); grl, granule/fusiform layer; IBA1, ionized-calcium-binding adaptor; icp, inferior cerebellar peduncle; IRt, intermediate reticular nucleus; ml, molecular layer; NeuN, neuronal marker; PVCN, posteroventral cochlear nucleus; sp5, spinal trigeminal nucleus; sp5OVL, spinal trigeminal nucleus, oral part, ventrolateral division; 4V, 4th ventricle; 7N, facial nucleus. Scale bars: 250 μm in (B); 50 μm in (C; it also applies to C,D); 20 μm in (H; it also applies to F,G).
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FIGURE 3. IBA1 immunostaining in the PVCN and AVCN of Igf1−/− mice. (A,C) Coronal sections of a wild-type mouse brain, taken from Franklin and Paxinos (2013) mouse brain atlas, showing the location of the PVCN (green) and AVCN (blue). (B,D) Representative coronal sections of the ventral cochlear nucleus in the wild-type genotype immunostained with IBA1. In the PVCN and AVCN of Igf1−/− mice, there was less staining (G,J,M,P,Q) relative to the Igf1+/+ (E,H,K,N) and Igf1+/− mice (F,I,L,O). Maximum intensity projections of confocal images from the PVCN and AVCN show the reduced microglial arborization in Igf1−/− mice as compared to the other genotypes (H–J,N–Q for the PVCN and AVCN; respectively). Arrows point to IBA1 immunostained cells. Cell nuclei are stained with DAPI (blue). Abbreviations: AVCN, anteroventral cochlear nucleus; Cb, Cerebellum; IBA1, ionized-calcium-binding adaptor; icp, inferior cerebellar peduncle; IRt, intermediate reticular nucleus; NeuN, neuronal marker; PnC, pontine reticular nucleus, caudal part; PVCN, posteroventral cochlear nucleus; sp5, spinal trigeminal nucleus; sp5OVL, spinal trigeminal nucleus, oral part, ventrolateral division; 4V, 4th ventricle; 7n, facial nerve; 7N, facial nucleus; 8n, vestibulocochlear nerve. Scale bars: 250 μm in (D; it also applies to B); 50 μm in (F,J; it also applies to E,G,H,I); 20 μm in (L,O; it also applies to K,M,N,P,Q).




[image: image]

FIGURE 4. Insulin-like growth factor 1 (IGF-1) deficiency leads to Iba1 downregulation in Igf1−/− mice. Bar graphs showing decreases in the mean gray levels (A,B) and immunostained areas (C,D) in the Igf1−/− mouse cochlear nuclei when compared to Igf1+/+ and Igf1+/− mice. Similar reductions in Iba1 expression were also detected by RT-quantitative PCR (qPCR; E). Error bars indicate the standard deviations of the mean. Statistically significant differences among the animal groups were evaluated by one-factor ANOVA (*p < 0.05; **p < 0.01, ***p < 0.001). Abbreviations: AVCN, anteroventral cochlear nucleus; PVCN, posteroventral cochlear nucleus.




TABLE 2. Morphometric analysis of microglial ramification in the dorsal cochlear nucleus (DCN).

[image: image]



TABLE 3. Morphometric analysis of microglial ramification in the posteroventral cochlear nucleus (PVCN) and anteroventral cochlear nucleus (AVCN).
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Downregulation of GFAP Expression in Igf1−/− Mice

Excitatory synaptic neurotransmission appears to be altered in the cochlear nucleus of Igf1−/− mice (Fuentes-Santamaría et al., 2016). Since astrocytes are modulators of mature and functional synapses, and they are crucial for the maintenance of synapses (Chung et al., 2006), the astrocytic expression of GFAP in the cochlear nuclei was examined. In all genotypes evaluated, GFAP protein was located in the cytoplasm and processes of astrocytes that were highly ramified (Figures 5, 6). Specifically, in the granule cell domain, immunostained astrocytes were densely packed and intensely stained (asterisks in Figures 5A–C). In agreement with previous observations in rodents (Burette et al., 1998; Insausti et al., 1999), GFAP immunostaining in the DCN of all genotypes, was distributed in a dorso-ventral gradient, whereby the molecular layer was more intensely stained than the intermediate granule/fusiform layer and the central region of the DCN (insets in Figures 5A–C) where astrocytes organized into patches characterized by multiple cells (arrows in Figures 5A,B). In all of the mice analyzed, irrespective of the genotype, astrocytes were associated with neurons in the cochlear nucleus, as well as with other astrocytes (Figures 5D–F). In IGF-1 deficient mouse, the immunostaining in the intermediate and deep layers of the DCN, but not in the superficial layer (ml), seemed to be weaker than in the other animal groups (Figures 5A–F). Similarly, a reduction in the immunostaining was also detected in the PVCN and AVCN of Igf1−/− mice (Figures 5G–L, 6A–F). These decreases were confirmed by ANOVA, which showed that there was a significant effect of the IGF-1 deficiency on the mean gray levels of GFAP immunostaining in the DCN (F(2,13) = 5.32, p < 0.05), PVCN (F(2,18) = 17.32, p < 0.001) and AVCN (F(2,12) = 14.99, p < 0.001), and on the immunostained areas in the DCN (F(2,13) = 17.88, p < 0.001), PVCN (F(2,18) = 13.37, p < 0.001) and AVCN (F(2,12) = 18.33, p < 0.001; Figures 5M–P, 6G,H). Similarly, there was significantly less Gfap mRNA in the Igf1−/− mice than in the Igf1+/+ and Igf1+/− mice (p < 0.01, Figure 6I).
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FIGURE 5. GFAP immunostaining in the DCN and PVCN of Igf1−/− mice. GFAP immunostaining was distributed throughout the different DCN layers in all the genotypes analyzed (A–F). GFAP-immunostained astrocytes were strongly stained in the molecular layer while only a few astrocytes were observed in the intermediate layer and central region of the DCN (A–C). Note that some of these astrocytes group together forming patches of immunostaining (arrows in A,B). In the Igf1−/− mice, GFAP immunostaining was apparently weaker in the deeper layers (grl and cr) of the DCN and in the PVCN than in Igf1+/+ and Igf1+/− mice (A–C,G–I). The spatial relationship between neurons and astrocytes in all genotypes is shown in Z-stack confocal microscopy images of the DCN (D–F) and PVCN (J–L). Quantification of the mean gray levels (M,O) and stained areas (N,P) in these nuclei corroborated the decreases in the immunostaining. Asterisks in (A–C) indicate GFAP immunostaining in the granule cell domain. Statistically significant differences among the mouse genotypes were evaluated by one-factor ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001). Cell nuclei in (D–F) and (J–L) are stained with DAPI (blue). The square boxes in (A–C) indicate the location of the higher magnification images shown in (A–C; insets). Abbreviations: cr, central region of the dorsal cochlear nucleus (DCN); GFAP, glial fibrillary acidic protein; grl, granule/fusiform layer; ml, molecular layer; NeuN, neuronal marker; PVCN, posteroventral cochlear nucleus; sp5, spinal trigeminal nucleus. Scale bars: 500 μm in (C; it also applies to A,B); 100 μm in the inset in (C; it also applies to insets in A,B); 20 μm in (F,I; it also applies to D,E,G,H) and 50 μm in (L; it also applies to J,K).
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FIGURE 6. GFAP immunostaining in the AVCN of Igf1−/− mice. Analysis of GFAP immunostaining in the Igf1−/− mice showed that there were fewer astrocytes and they were less intensely stained (C,F) when compared to Igf1+/+ (A,D) and Igf1+/− mice (B,E). Z-stack confocal microscopy images of GFAP and NeuN double-labeling are shown for all genotypes (D–F). The apparent decrease in GFAP immunostaining in the Igf1−/− mouse was corroborated by quantifying the mean gray levels (G) and the stained areas (H). The qualitative and quantitative data were confirmed when RT-qPCR data showed decreased Gfap expression in the Igf1−/− mouse cochlear nuclei (I). The error bars indicate the standard deviations of the mean. Statistically significant differences among the animal groups were evaluated by one-factor ANOVA (**p < 0.01, ***p < 0.001). Cell nuclei are stained with DAPI (blue). The square boxes in a-c indicate the location of the higher magnification images shown in (A–C; insets). Abbreviations: AVCN, anteroventral cochlear nucleus; GFAP, glial fibrillary acidic protein; NeuN, neuronal marker; sp5, spinal trigeminal nucleus. Scale bars: 500 μm in (C; it also applies to A,B); 100 μm in the inset in (C; it also applies to insets in A,B) and 20 μm in (F; it also applies to D,E).





IGF-1 Dependent Alterations to Astrocyte Glutamate Transporters

To determine possible abnormalities in astrocyte GLTs that might contribute to abnormal excitatory synaptic activity in the cochlear nucleus circuits of Igf1−/− mice, as reported previously (Fuentes-Santamaría et al., 2016), the expression of GLT1 and GLAST was investigated.


Upregulation of EAAT2/GLT1 Expression in Igf1−/− Mice

Regardless of the genotype, GLT1 immunostaining was evident as dense punctate labeling that was similarly distributed throughout the cochlear nuclei (Figures 7, 8). In the DCN, the GLT1 stained puncta were distributed throughout the molecular layer, granule/fusiform layer and the central region of the DCN (Figures 7A–C). Similar diffuse punctate neuropil staining was also observed in the PVCN (Figures 8A–C) and AVCN (Figures 8F–H). Although the distribution of GLT1 immunostaining was similar in the different genotypes, the GLT1 puncta in Igf1−/− mice were apparently more strongly stained and they seemed to occupy a larger extension in both subdivisions of the cochlear nucleus (Figures 7, 8). These qualitative immunohistochemical appreciations were confirmed by ANOVA, which showed a significant effect of the absence of IGF-1 on the mean gray level of GLT1 in the DCN (F(2,10) = 15.94, p < 0.001), PVCN (F(2,10) = 61.48, p < 0.001) and AVCN (F(2,9) = 32.92, p < 0.001) and also on the immunostained areas in the DCN (F(2,10) = 28.16, p < 0.001), PVCN (F(2,10) = 41.85, p < 0.001) and AVCN (F(2,9) = 28.66, p < 0.001). As demonstrated using Scheffé’s post hoc test, the mean gray levels in the Igf1−/− mice were significantly higher than in the Igf1+/+ (p < 0.001 for DCN, PVCN and AVCN) and Igf1+/− (p < 0.01 for DCN and AVCN, p < 0.001 for PVCN) mice (Figures 7D, 8D,I). Likewise, the GLT1 immunostained areas were also larger in the Igf1−/− mice than in the Igf1+/+ (p < 0.001 for all nuclei) and Igf1+/− (p < 0.001 for DCN and PVCN; p < 0.01 for AVCN) mice (Figures 7E, 8E,J). Corroborating the protein expression data, Glt1 mRNA expression in the Igf1−/− mice cochlear nuclei was significantly stronger than in the other genotypes (p < 0.001; Figure 7F).
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FIGURE 7. Upregulation of GLT1 in the DCN of Igf1−/− mice. In the Igf1−/− mouse, the strongly GLT1 immunostained puncta (red) were found in all layers of the nucleus and presumptively occupied a larger area (C) than in the other genotypes (A,B). These qualitative observations were corroborated by significant increases in the mean gray levels and the immunostained areas (D,E). Similar increases in the IGF-1 deficient DCN were also detected by quantifying Glt1 mRNA expression (F). The inset in (A; pseudo-colored green for higher contrast) indicates the approximate location of the fields shown in (A–C). Error bars indicate the standard deviations of the mean. Statistically significant differences among the animal groups were evaluated by one-factor ANOVA (**p < 0.01, ***p < 0.001). Cell nuclei are stained with DAPI (blue). Abbreviations: cr, central region of the dorsal cochlear nucleus (DCN); GLT1, glutamate transporter 1; grl, granule/fusiform layer; ml, molecular layer. Scale bar: 20 μm in (C; it also applies to A,B).
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FIGURE 8. Upregulation of GLT1 in the ventral cochlear nuclei of Igf1−/− mice. Z-stack confocal microscopy images show enhanced GLT1 immunostaining (red) in the IGF-1 deficient ventral cochlear nucleus (C,H) relative to the Igf1+/+ (A,F) and Igf1+/− mice (B,G). Quantification of the immunostaining confirmed this upregulation in both the PVCN (D,E) and AVCN (I,J). The inset in (A,F; pseudo-colored green for higher contrast) indicates the approximate location of the fields shown in (A–C,F–H); for the PVCN and AVCN, respectively. The error bars indicate the standard deviations of the mean. Statistically significant differences among the animal groups were evaluated by one-factor ANOVA (**p < 0.01, ***p < 0.001). Cell nuclei are stained with DAPI (blue). Abbreviations: AVCN, anteroventral cochlear nucleus; GLT1, glutamate transporter 1; PVCN, posteroventral cochlear nucleus. Scale bar: 20 μm in (C,H; it also applies to A,B,F,G).





GLAST Expression in Igf1−/− Mice

Like GLT1, a dense network of GLAST immunostained puncta was evident in the neuropil and around the soma of DCN, PVCN and AVCN neurons in Igf1+/+, Igf1+/– and Igf1−/− mice (Figure 9). However, in contrast to GLT1 there appeared to be no significant differences in the immunostaining among the distinct mouse genotypes, in either the mean gray levels of GLAST immunostaining in the DCN (F(2,7) = 0.94, NS), PVCN (F(2,9) = 1.01, NS) and AVCN (F(2,11) = 1.56, NS) or in the immunostained areas in the DCN (F(2,7) = 0.24, NS), PVCN (F(2,9) = 1.56, NS) and AVCN (F(2,11) = 0.93, NS; Figure 10). In accordance with these immunohistochemical findings, there were also no differences in Glast gene expression in the cochlear nuclei of Igf1−/− mice relative to the Igf1+/− and Igf1−/− mice (Figure 9J).
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FIGURE 9. Glutamate aspartate transporter (GLAST) immunostaining in the Igf1−/− mice cochlear nuclei. In all genotypes, GLAST stained puncta (green) were densely distributed throughout the neuropil and on the soma of DCN (A–C), PVCN (D–F) and AVCN (G–I) neurons immunostained with CR (red). No differences were observed in the distribution of the immunostaining among the three groups. The analysis of Glast expression levels by RT-qPCR confirmed these immunohistochemical results (J). The error bars indicate the standard deviations of the mean. Arrows point to CR-immunostained cells. Cell nuclei are stained with DAPI (blue). Abbreviations: AVCN, anteroventral cochlear nucleus; cr, central region of the DCN (dorsal cochlear nucleus); CR, calretinin; GLAST, glutamate aspartate transporter; grl, granule/fusiform layer; ml, molecular layer; PVCN, posteroventral cochlear nucleus. Scale bar: 20 μm in (I; it also applies to A–H).
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FIGURE 10. Histograms showing the mean gray levels of GLAST immunostaining and the immunostained areas in the cochlear nuclei of Igf1−/−, Igf1+/− and Igf1+/+ mice. Analysis of the immunostaining indicated that there were no significant differences among the genotypes in either the mean gray levels of immunostaining (A–C) or in the immunostained areas (D–F) in the DCN, PVCN and AVCN. The error bars indicate the standard deviations of the mean. Abbreviations: DCN, dorsal cochlear nucleus; PVCN, posteroventral cochlear nucleus; AVCN, anteroventral cochlear nucleus.






Downregulation of mGluRs in Igf1−/− Mice

As the upregulated GLT1 expression is suggestive of abnormal glutamate uptake, the mRNA and protein expression of mGluRs were also examined in the Igf1−/− mice cochlear nuclei. As mGluR1α is expressed abundantly in the cochlear nuclei (Lu, 2014), its expression was evaluated at both the mRNA and protein levels, whereas the expression of mGluR2, mGluR4 and mGluR7 was only based on qPCR analyses. mGluR1α staining was detected in the DCN of Igf1+/+, Igf1+/− and Igf1−/− mice, mostly in the neuropil of the molecular layer and on the dendrites of fusiform and cartwheel cells in the granule/fusiform layer (Figures 11A–C), (Bilak and Morest, 1998; Petralia et al., 2000). Regardless of the genotype, the immunostaining in the PVCN and AVCN was observed in globular and stellate cells which were identified according to their location within the nucleus, as shown previously (Bilak and Morest, 1998; Figures 11D–I). In Igf1−/− mice, the mGluR1α staining levels in the dorsal and ventral cochlear nucleus subdivisions were weaker than in the other genotypes (Figure 11). When quantified, immunostaining revealed a significant effect of the lack of IGF-1 on the mean gray level of mGluR1α in the DCN (F(2,13) = 18.17, p < 0.001), PVCN (F(2,14) = 51.59, p < 0.001) and AVCN (F(2,9) = 56.55, p < 0.001) and also on the immunostained areas in the DCN (F(2,13) = 18.17, p < 0.001), PVCN (F(2,14) = 16.03, p < 0.01) and AVCN (F(2,9) = 19.91, p < 0.001). According to the post hoc test, the mean gray levels in the Igf1−/− mice were significantly lower than in the Igf1+/+ (p < 0.01 for the DCN, p < 0.001 for the PVCN and AVCN) and Igf1+/− (p < 0.001 for all nuclei) mice (Figures 11J,L,N). Likewise, the immunostained areas of mGluR1α were also smaller in the Igf1−/− mice than in the Igf1+/+ (p < 0.001 for the DCN, p < 0.01 for the PVCN and AVCN) and Igf1+/− (p < 0.01 for all nuclei) mice (Figures 11K,M,O). Significant decreases in mGluR1, mGluR2 and mGluR4 gene expression were detected in the Igf1−/− mouse cochlear nucleus relative to the wild-type mice. Although mGluR7 expression also appeared to be weaker, this difference did not reach statistical significance (Figure 12).
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FIGURE 11. Downregulation of mGluR1α in the cochlear nuclei of Igf1−/− mice. In the Igf1−/− mice, there was less mGluR1α staining (green) in the molecular and granule layers of the DCN than in the other genotypes (A–C). Similar decreases were also detected in Igf1−/− mouse PVCN (D–F) and AVCN (G–I). Quantification confirmed these qualitative decreases in the Igf1−/− mouse relative to the Igf1+/+ and Igf1+/− mice (J–O). The error bars indicate the standard deviations of the mean. Statistically significant differences among the animal groups were evaluated by one-factor ANOVA (**p < 0.01, ***p < 0.001). Neurons are stained with NeuN antibody (red) and cell nuclei are stained with DAPI (blue). Abbreviations: AVCN, anteroventral cochlear nucleus; cr, central region of the dorsal cochlear nucleus (DCN); grl, granule/fusiform layer; ml, molecular layer; mGluR1, metabotropic glutamate receptor 1; NeuN, neuronal marker; PVCN, posteroventral cochlear nucleus. Scale bar: 20 μm in (I; it also applies to A–H).
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FIGURE 12. The loss of IGF-1 leads to mGluR1α, mGluR2α, mGluR4α and mGluR7α downregulation. The mGluR1α, mGluR2α, mGluR4α and mGluR7α mRNA expression was determined by RT-qPCR in 4-month-old Igf1−/−, Igf1+/− and Igf1+/+ mice. The results demonstrate a decline in mGluR1α (A), mGluR2α (B), mGluR4α (C) and mGluR7α (D) expression in the Igf1−/− mouse when compared with Igf1+/− and Igf1+/+ mice. Note that the decrease in mgluR7α expression in the Igf1−/− mice was not statistically significant. Also, they show a significant downregulation of mGluR1α (A), mGluR2α (B) and mGluR4α in heterozygous mice compared with their age-matched control mice. The error bars indicate the standard deviations of the mean. Statistically significant differences among the animal groups were evaluated by one-factor ANOVA (*p < 0.05; **p < 0.01, ***p < 0.001).






DISCUSSION

The present study demonstrates that IGF-1 deficiency leads to alterations in glial morphology, a decreased expression and protein accumulation in IBA1 and GFAP, an upregulation of GLT1 but not GLAST, and the downregulation of groups I, II and III mGluRs. Our previous findings in Igf1−/− mice demonstrated that primary cochlear afferents upregulate their VGluT1 protein but not the vesicular GABA transporter (VGAT), suggesting that presynaptic excitatory neurotransmission may be impaired. This synaptic plasticity might be mediated by MEF2 proteins, which are downregulated in both the cochlea and the cochlear nucleus, and which may reflect enhanced synaptic efficacy (Fuentes-Santamaría et al., 2016). As an activity-dependent factor, rapid elevations of IGF-1 within neurons in response to modifications in cochlear activity have been associated with synaptic rearrangements in the rat cochlear nucleus (Alvarado et al., 2007a; Fuentes-Santamaría et al., 2007, 2012, 2013). In other brain structures like the hippocampus, IGF-1 is also a regulator of excitatory synaptic transmission (Ramsey et al., 2005; Xing et al., 2007; Deak and Sonntag, 2012). Indeed, the effects of a reduced density of glutamatergic terminals in the hippocampus of mice with low-serum IGF-1 levels is ameliorated by continued systemic IGF-1 administration (Trejo et al., 2007).

The effects of IGF-1 on glial cells have been studied in different systems. When non-astrocytic inner retinal glia-like cells are stimulated by IGF-1 in the avian retina, retinal neurons and Müller glia are more vulnerable to excitotoxic damage (Fischer et al., 2010). In the mouse retina, IGF-1 deficiency causes age-associated retinal gliosis (Arroba et al., 2018). In cerebellar cultures, blocking the IGF-1 receptor in astrocytes reduces their capacity to rescue neurons damaged by oxidative stress, suggesting that this growth factor is crucial for these non-neuronal cells to exert their protective effects (Genis et al., 2014). Moreover, transgenic mice overexpressing IGF-1 in the retina develop gliosis and microgliosis, along with impaired glutamate recycling, which leads to cell death. Hence, glial cells appear to be involved in the regulation of excitatory synaptic function (Villacampa et al., 2013). Our data demonstrate that Igf1−/− mice have less Iba1 mRNA and, consequently, lower IBA1 protein levels along with decreases in the mean gray levels of IBA1 immunostaining and immunostained areas in both cochlear nucleus subdivisions. Igf1−/− mice display structural modifications of microglia including decreases in the number of cells per field, shorter processes length and a reduction in microglial branching as compared to heterozygous and wildtype mice. The contribution of microglia to the adaptive responses that take place in the auditory nuclei in response to cochlear damage induced by acoustic trauma or cochlear ablation has been well documented (Fuentes-Santamaría et al., 2012; Dinh et al., 2014; Janz and Illing, 2014; Baizer et al., 2015). In this regard, lesion-induced microglial activation may exert regulatory influences on cochlear nucleus synapses, contributing to structural and functional remodeling. Recent data from microglia depletion models indicated that the loss of microglia during brain development leads to defective glial-synapse communication and aberrant synaptic maturation (Paolicelli and Ferretti, 2017). Indeed, the absence of IGF-1 leads to an ineffective refinement of cochlear synapses during postnatal maturation, which results in dysfunctional excitatory connections in the adult cochlear nucleus (Camarero et al., 2001; Riquelme et al., 2010; Fuentes-Santamaría et al., 2016). Given that microglial motility is primarily involved in reshaping neuronal circuits during development, and in supporting and maintaining active synapses in the adult brain, limited microglial branching due to IGF-1 deficiency may produce defective neuronal-glial communication and consequently, abnormal synaptic transmission in auditory nuclei.

Astrocytes continuously exchange signals with pre- and postsynaptic elements at the tripartite synapse, and they are also crucial for the formation and maintenance of glutamatergic synapses due to their dynamic involvement in the processing and integration of synaptic information (Ricci et al., 2009; Villalba and Smith, 2011; Kim et al., 2017; Papouin et al., 2017). Our data in the Igf1−/− mouse reveal a significant decrease in GFAP protein and mRNA, as well as reductions in astrocyte density. In this regard, the loss of GFAP in Igf1−/− mice results in increased synaptic plasticity and altered GLT activity, suggesting that GFAP expression is essential to correctly regulate glutamatergic neurotransmission (Hughes et al., 2004). It is worth noting that the morphological and functional plasticity of the astrocyte is achieved through polymerization/assembly and depolymerization/disassembling of GFAP which acts a scaffolding network for the translocation of GFAP-associated functional molecules (Wang and Parpura, 2018), such as the GLTs. Accordingly, it has been proposed that the glutamate-mediated localization of GLT1 and GLAST in the astrocyte membrane is highly dependent on the actin cytoskeleton of this glial cell (Duan et al., 1999; Zhou, 2004). Astrocyte dysfunction may modify the coverage of neurons by glia, increasing neuronal communication and influencing glutamate concentrations and therefore, the activity of carriers and receptors. GLT1 and GLAST are both high-affinity, sodium-dependent GLTs located on perisynaptic processes of astrocytes and closely associated with excitatory synapses. In cultures of chick cerebellar Bergmann glia cells, GLT1 activity is modulated by IGF-1 signaling (Gamboa and Ortega, 2002) and thus, the absence of this factor may alter excitatory signaling.

GLT1 dysfunction has been linked to several neurological disorders in which glutamate homeostasis is impaired (Verkhratsky et al., 2012; Soni et al., 2014). For instance, upregulation of GLT1 expression improves signs of Huntington’s disease in symptomatic R6/2 mice (Miller et al., 2008) and enhanced GLT1 expression also has been detected in the prefrontal cortex of schizophrenic patients, suggesting impaired glutamatergic transmission in this disease (Matute et al., 2005). GLT1 also appears to be upregulated in Igf1−/− mice, the predominant glial GLT, while the expression and accumulation of the GLAST protein were not modified. In line with these observations, GLT1 immunoreactivity is enhanced in cerebellar synaptosomal preparations of Gfap−/− mice when compared to wild-type animals (Hughes et al., 2004). Such upregulation in cerebellar synaptic GLT1 protein expression may facilitate the rapid uptake of synaptic glutamate through the activation of mGluRs, suggesting a pivotal role for GFAP in trafficking GLTs. Based on these observations, our results provide evidence of IGF-1-dependent regulation of astrocytes, that alters glial glutamate transport capacity and therefore, excitatory synapses. Although the number of astrocytes and/or transporters per cell was not assessed for each genotype in the current study, it is plausible to postulate that an upregulation in GLT1 in the mutant mouse would contribute to clear excessive glutamate resultant from increased neuronal interactions in response to astrocytes loss and/or dysfunction. Indeed, GLT1 is responsible for most of the glutamate uptake (90%) around excitatory synapses (Lehre and Danbolt, 1998), although the mechanisms that drive the increase in GLT1 in the Igf1−/− mice are still unclear.

GLT1 overexpression near synapses could have important consequences for the kinetics of glutamate uptake and hence, on mGluR levels in the cochlear nuclei. For instance, an upregulation in GLT1 in the Igf1−/− cochlear nuclei will reduce the amount of glutamate available in the synaptic cleft, thus resulting in decreased glutamate binding to mGluRs (Huang et al., 2004). This decrease, in turn, would lead to significantly dampen the gene expression levels of mGluR1, mGluR2, mGluR4 and mGluR7, as demonstrated in this study. In accordance with our data, previous studies have demonstrated that mGluR1 is detected in the DCN of rodents under normal physiological conditions, particularly on unipolar brush cells and cartwheel cells, and also in globular bushy cells and stellate cells in the PVCN and AVCN (Bilak and Morest, 1998; Kemmer and Vater, 2001). Although the mGluR1 in the cochlear nuclei is mostly found post-synaptically, it has also been detected in presynaptic elements (Petralia et al., 1996; Wright et al., 1996). mGluR2 is also expressed in the cochlear nuclei while the expression of mGluR4 and mGluR7 remains unclear (Lu, 2014). In vivo and in vitro studies in the chick cochlear nucleus, nucleus magnocellularis, have demonstrated that pharmacological blockade of groups I and II mGluR activation provokes neuronal degeneration, suggesting a pivotal role for these receptors in regulating neuronal survival (Nicholas and Hyson, 2004; Diaz et al., 2009; Carzoli and Hyson, 2011, 2014). The activation of these receptors also regulates glutamate uptake at the cochlear nucleus-auditory nerve synapse, preventing the excitotoxic accumulation of extracellular glutamate (Carzoli and Hyson, 2014). Whole cell recordings in brain slice preparations demonstrated that the activity of mGluRs suppresses GABAergic transmission (Lu, 2007), highlighting their role in achieving balanced excitation and inhibition in the nucleus magnocellularis.

In summary, adult Igf1−/− mice show modifications in the morphological features of the glutamatergic synapses (presynaptic and postsynaptic components) that lead to excitatory synaptic plasticity, which involves not only auditory neurons but also glial cells. Although the role of microglia in this process is unclear, their reduced arborization may result in more prolonged microglia response times and therefore, lead to decreased modulation of neuronal activity. On the other hand, the reduction in the fine astrocytic processes may facilitate neuronal interactions that, along with an enhanced expression of GLT1, would contribute to regulation of synaptic glutamate resulting from excessive neuronal activation.



CONCLUSION

The results presented here suggest that absence of IGF-1 leads to central adaptive events in the adult Igf1−/− cochlear nuclei, which include structural impairment of microglia and astrocytes, upregulation in GLT1 expression, and downregulation of mGluRs. These morphological alterations may contribute to adaptation of auditory neurons and their synaptic connections to changing levels of activity, due to the imbalances in neurotransmission. Determining the molecular, biochemical and morphological mechanisms underlying neuronal plasticity in a mouse model of hearing deficits will give us insight into new therapeutic strategies that could help to maintain or even improve residual hearing when human deafness is related to IGF-1 deficiency.
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Myelin surrounding central nervous system (CNS) axons breaks down in multiple sclerosis (MS) and following traumatic axonal injury. Myelin-debris so produced is harmful to repair since it impedes remyelination in MS and the regeneration of traumatized axons. These devastating outcomes are largely due to inefficient removal by phagocytosis of myelin-debris by microglia. Therefore, revealing mechanisms that control phagocytosis is vital. We previously showed that in phagocytosis, filopodia and lamellipodia extend/engulf and then retract/internalize myelin-debris. Moreover, cofilin activates phagocytosis by advancing the remodeling of actin filaments (i.e., existing filaments disassemble and new filaments assemble in a new configuration), causing filopodia/lamellipodia to protrude, and furthermore, Galectin-3 (formally named MAC-2) activates phagocytosis by enhancing K-Ras.GTP/PI3K signaling that leads to actin/myosin-based contraction, causing filopodia/lamellipodia to retract. To understand further how Galectin-3 controls phagocytosis we knocked-down (KD) Galectin-3 expression in cultured primary microglia using Galectin-3 small-hairpin RNA (Gal-3-shRNA). KD Galectin-3 protein levels reduced phagocytosis extensively. Further, inhibiting nucleolin (NCL) and nucleophosmin (NPM), which advance K-Ras signaling as does Galectin-3, also reduced phagocytosis. Strikingly and unexpectedly, knocking down Galectin-3 resulted in a dramatic transformation of microglia morphology from “amoeboid-like” to “branched-like,” rearrangement of actin filaments and inactivation of cofilin. Thus, Galectin-3 may control microglia morphology and phagocytosis by regulating the activation state of cofilin, which, in turn, affects how actin filaments organize and how stable they are. Furthermore, our current and previous findings together suggest that Galectin-3 activates phagocytosis by targeting the cytoskeleton twice: first, by advancing cofilin activation, causing filopodia/lamellipodia to extend/engulf myelin-debris. Second, by advancing actin/myosin-based contraction through K-Ras.GTP/PI3K signaling, causing filopodia/lamellipodia to retract/internalize myelin-debris.

Keywords: microglia, Galectin-3, phagocytosis, myelin, cytoskeleton, actin, cofilin, K-Ras


INTRODUCTION

Microglia are a self-maintained population of innate immune cells unique to the central nervous system (CNS) parenchyma (Rio-Hortega, 1932; Sierra et al., 2016; Tay et al., 2016; Norris and Kipnis, 2018). Microglia differ by origin and molecular signature from CNS associated macrophages (i.e., perivascular, choroid plexus and meningeal) and from circulating monocytes (Ajami et al., 2007; Butovsky et al., 2014; Goldmann et al., 2016). Moreover, the intact blood brain barrier (BBB) separates microglia from CNS associated macrophages and circulating monocytes; yet, monocytes may enter the CNS parenchyma through dysfunctional BBB in trauma and disease (Mildner et al., 2007).

Microglia populate the developing CNS parenchyma during embryogenesis and further proliferate during the neonatal period. At that period, microglia display “amoeboid” morphology and phagocytic activity that enables them to remove apoptotic cells and eliminate/strip/prune synapses, shaping the CNS neuronal circuitry (Tremblay et al., 2010; Schafer et al., 2012; Kettenmann et al., 2013). Towards adulthood, microglia morphology transforms to “branched” and their phagocytic activity subsides. Upon injury and disease, microglia revert to amoeboid morphology and phagocytic activity resumes, enabling them to remove tissue debris (Rio-Hortega, 1932; Sierra et al., 2016; Norris and Kipnis, 2018). Thus, the notion that phagocytic activity correlates mostly with amoeboid morphology and non-phagocytic activity with branched morphology is long standing. Nonetheless, the molecular mechanisms that control the transformation from one phenotype to the other have remained largely unknown. It has been suggested that transcription factor Runx1 controls the in vivo postnatal conversion of forebrain microglia morphology from amoeboid to branched; yet, the involvement of Runx1 in phagocytosis was not tested (Zusso et al., 2012). It has further been shown that microglia were amoeboid and phagocytic when cultured in the presence of serum/FCS but branched and non-phagocytic when cultured in the absence of FCS; yet, the molecular mechanisms that induced each phenotype were not studied (Bohlen et al., 2017).

Our present study focuses on the phagocytosis of myelin-debris (often referred to as degenerated myelin). Myelin produced by oligodendrocytes surrounds CNS axons, enabling neuronal function through fast conduction of electrical activity. Myelin breaks down in demyelinating diseases such as multiple sclerosis (MS) and in Wallerian degeneration that traumatic axonal injury induces distal to lesion sites (e.g., spinal cord injury). Myelin-debris so produced is harmful to repair since it blocks remyelination in MS (Kotter et al., 2006; Lassmann et al., 2007) and impedes the regeneration/growth of traumatized axons (Yiu and He, 2006; Vargas and Barres, 2007). These devastating outcomes are largely due to inefficient removal by phagocytosis of myelin-debris, highlighting the significance of understanding mechanisms that control phagocytosis.

We previously showed that filopodia and lamellipodia extend/engulf and then retract/internalize myelin-debris in phagocytosis (Hadas et al., 2012). Mechanical forces generated by the cytoskeleton drive these structural changes. Protrusion of filopodia/lamellipodia requires that filaments of actin (F-actin) undergo remodeling, i.e., existing F-actin disassemble and new F-actin assemble in a new configuration, causing plasma membranes to protrude (Oser and Condeelis, 2009; Bernstein and Bamburg, 2010). We previously showed that cofilin, a member of the actin depolymerizing factor (ADF) family that advances filopodia/lamellipodia production by disassembling F-actin, activates phagocytosis (Hadas et al., 2012; Gitik et al., 2014), and further, that actin/myosin-based contraction drives filopodia/lamellipodia to retract/internalize myelin-debris (Gitik et al., 2010).

We further previously suggested two mechanisms that impede the phagocytosis of myelin-debris. In the first, myelin-debris itself attenuates its own phagocytosis. In this regard, CD47 on myelin binds SIRPα (CD172a) on microglia and macrophages, and in turn, SIRPα generates “don’t eat me” signaling in which cofilin is inactivated, the remodeling of F-actin is obstructed, and phagocytosis is reduced (Gitik et al., 2011, 2014). This could be the case in MS since the removal by phagocytosis of myelin-debris is inefficient in MS (Kotter et al., 2006; Lassmann et al., 2007). The second mechanism could play a role in CNS Wallerian degeneration (i.e., distal to but not including the lesion site), where microglia fail to phagocytose myelin-debris altogether. We suggested that this failure results mostly from microglia failing to upregulate the expression of the β-galactoside-binding lectin Galectin-3 (formally named MAC-2; Rotshenker et al., 2008; Rotshenker, 2009).

Many normal and malignant cells produce and secrete Galectin-3, a member of a large family of galectins. Galectin-3 takes part in numerous functions in health and disease; e.g., pre-mRNA splicing in the nucleus, signaling pathways in cytoplasm, and activation of surface receptors extracellularly (Ruvolo, 2016; Thiemann and Baum, 2016; Mèndez-Huergo et al., 2017). Amongst functions that relate to our current project, Galectin-3 advances K-Ras signaling in the cytoplasm. K-Ras is a member of the Ras family of small GTPases K-, H- and N-Ras that are active when GTP bound and inactive when GDP bound. Galectin-3 binds and stabilizes active K-Ras.GTP at the inner surface of cell membranes, prolonging K-Ras dependent signaling (Tian et al., 2010). Of further interest to us are nucleolin (NCL) and nucleophosmin (NPM) since, amongst their various functions, the two advance K-Ras dependent signaling by chaperoning and stabilizing K-Ras.GDP at the inner surface of plasma membranes where it needs to be activated (Inder et al., 2010). Further, NCL is present at low levels in plasma membranes of some normal cells (e.g., microglia) and at much higher levels in some malignant cells (Hirano et al., 2005; Bates et al., 2009; Ozawa et al., 2013). As a cell surface receptor, NCL binds and is instrumental in endocytosing particulate material.

We previously showed that Galectin-3 expression correlates with myelin-debris phagocytosis in microglia. In adult mice, non-phagocytosing microglia did not express Galectin-3 in intact CNS nor in CNS Wallerian degeneration, i.e., distal to but not including the lesion site. In contrast, and along with activating phagocytosis, microglia upregulated Galectin-3 expression in vivo at lesion sites and in experimental allergic encephalomyelitis (EAE), and in cultured primary microglia (Reichert and Rotshenker, 1996, 1999). We further showed that Galectin-3 activated phagocytosis by binding and stabilizing K-Ras.GTP, prolonging the activity of K-Ras.GTP/PI3K signaling (Rotshenker et al., 2008; Rotshenker, 2009), leading to PI3K/PLC/PKC signaling (Makranz et al., 2004; Cohen et al., 2006), and then to actin/myosin-based contraction (Gitik et al., 2010).

Our aims in this project have been to further understand and validate the role of Galectin-3 as a key regulator of myelin-debris phagocytosis. First, we infected cultured primary microglia with Galectin-3 small-hairpin RNA (Gal-3-shRNA) to reduce/knockdown (KD) Galectin-3 protein levels, generating Gal-3-KD microglia. Second, we aimed to determine whether NCL and NPM activate phagocytosis as predicted from their ability to advance K-Ras signaling as Galectin-3 does. Third, we aimed to reveal which cytoskeletal molecules regulated by Galectin-3 activate phagocytosis. Our current findings suggest that Galectin-3 controls both microglia morphology and phagocytosis by targeting the cytoskeleton.



MATERIALS AND METHODS


Animals

Balb/C wild-type mice (Harlan Sprague-Dawley, Inc., Israel) and transgenic Galectin-3 knockout (Gal-3−/−) mice (provided by Prof. Yoel Kloog; Levy et al., 2011) were used in accordance with the National Research Council’s guide for the care and use of laboratory animals and with the approval of the institutional ethics committee Hebrew University Faculty of Medicine.



Media Products

DMEM, DMEM/F12, FCS, HI-FCS, Gentamicin sulfate and L-Glutamine obtained from Biological Industries (Beit-Haemek, Israel).



Isolation of Primary Microglia

Microglia were isolated from brains of neonate mice as previously described (Reichert and Rotshenker, 2003). In brief, brains were stripped of their meninges, enzymatically dissociated, cells plated on poly-L-lysine coated flasks for 1 week, replated for 1- to 2-h on bacteriological plates and non-adherent cells washed away. The vast majority of adherent cells are microglia judged by morphology and expression of P2Y12 (Butovsky et al., 2014), and Galectin-3, complement receptor-3 (CR-3) and F4/80 (Reichert and Rotshenker, 1996, 1999). Microglia were maintained in DMEM/10% HI-FCS and 10% medium conditioned by the L-cell line that produces CSF-1 (American Type Culture Collection, Rockville, VA, USA).



Generation of Microglia With Stable Reduced Galectin-3 Protein Expression

Knocking down Galectin-3 protein expression was achieved through lentiviral infection of wild-type Balb/C microglia with shRNA directed against mouse Galectin-3 mRNA (Gal-3-shRNA) using pLKO.1 puro plasmids (Sigma-Aldrich, St. Louis, MO, USA). We tested three different shRNA sequences and finally used sequence 5′-GCAGTACAACCATCGGATGAA-3′. The plasmid was transfected into a 293T-based packaging cell line and the resulting culture supernatant used for lentiviral infection. Infected microglia were selected based on their resistance to puromycin brought by the pLKO.1 plasmid and levels of Galectin-3 protein were monitored by immunoblot. We refer to these microglia as Gal-3-KD microglia. As a control, microglia were infected in a similar way with the shRNA sequence 5′-CTTACGCTGAGTACTTCGA-3′ against the non-target firefly Luciferase gene. We refer to these microglia as control or control Luciferase (Con-Luc) microglia.



Isolation of Myelin

Myelin isolation from mouse brains was performed as previously described (Slobodov et al., 2001) and visualized (Gitik et al., 2010). Isolated myelin is “myelin-debris” since isolation involves breakdown of intact myelin.



Phagocytosis of Myelin-Debris

Microglia were plated in 96-well tissue culture plates at a density that minimizes cell-cell contact (0.25–1.5 × 104/well) in the presence of DMEM/F12 supplemented by 10% FCS. Non-adherent microglia were washed out after 2-h and adherent microglia left to rest overnight. Next, phagocytes were washed and myelin-debris added in the presence of 10% FCS for the indicated periods, unphagocytosed myelin-debris washed out, and levels of phagocytosis determined by ELISA. For testing the role of NCL and NPM in phagocytosis, microglia were pre-incubated overnight in 10 μM NCL inhibitor GRO (AS1411) aptamer and its control CRO (inactive oligomer; Integrated DNA Technologies, Coralville, IA, USA) or 2-h in 4 μM of NPM inhibitor NSC348884 (Cayman Chemicals, Ann Arbor, MI, USA). Then, 1-h of phagocytosis was assayed.



Quantifying Myelin-Debris Phagocytosis by ELISA

We quantified phagocytosis as previously detailed (Slobodov et al., 2001). The assay is based on the detection of myelin basic protein (MBP) in microglia lysates. Since MBP is unique to myelin and not produced by microglia, MBP levels in microglia cytoplasm are proportional to levels of phagocytosed myelin-debris. In brief, after washing unphagocytosed myelin-debris, microglia were lysed (0.05 M carbonate buffer, pH 10), lysates transferred to high protein absorbance plates (Nalge Nunc International, Rochester, NY, USA) and levels of MBP determined by ELISA using rat anti-MBP mAb and matching control IgG (Bio-Rad Laboratories Inc., Hercules, CA, USA).

When phagocytosis by Gal-3-KD microglia was compared to phagocytosis by control (Con-Luc) microglia, phagocytosis by each population was first normalized to the respective number of microglia counted in 1-mm2 area at the center of wells. Normalizing phagocytosis to cell number is required since Gal-3-KD and control microglia may differ in their adherence properties, thus resulting in different number of adherent microglia even when the same number of cells was initially seeded. To this end, microglia in replicate plates were fixed, stained and counted. Phagocytosis by Gal-3-KD microglia was calculated as percentage of phagocytosis by control microglia normalized to 100%. Phagocytosis in the presence of NCL and NPM inhibitors was calculated as percentage of phagocytosis in the presence of their respective controls, each control normalized to 100%.



Immunoblot Analysis

Microglia were plated in 10-cm tissue culture plates at a density that minimizes cell-cell contact (3 × 106 cells per plate) in the presence of DMEM supplemented by 10% FCS, and left to rest overnight. Phagocytes were washed in fresh DMEM supplemented by 10% FCS, myelin-debris added in the presence of serum for the indicated periods and unphagocytosed myelin-debris washed out. For lysis, microglia were washed in PBS and lysed in ice-cold lysis buffer (Tris HCL 1 M pH 7.5, MgCl2 1 M, NaCl 4 M, 0.5% NP-40, 0.1% DTT, 0.1% NaVa), supplemented with protease and phosphatase inhibitors cocktails (Sigma-Aldrich, St. Louis, MO, USA), cellular debris was removed by centrifugation, and total protein content determined using Bradford reagent (Sigma-Aldrich, St. Louis, MO, USA). Equal protein content from whole cell lysates was separated on SDS-PAGE. Proteins were blotted to nitrocellulose membranes, blocked with 10% non-fat milk or 5% BSA in Tris-buffered saline (TBS) for 1-h at RT, incubated over night at 40C in the presence of rat anti-mouse Galectin-3/MAC-2 M3/38 mAb (American Type Collection, Rockville, MD, USA), rabbit anti-cofilin, rabbit anti-pS3-cofilin-1, and rabbit anti-β-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Blots were washed with TBST and incubated with respective secondary Abs donkey anti-rat and goat anti-rabbit conjugated to HRP (Jackson ImmunoResearch, West Grove, PA, USA) for 40-min at RT. Proteins were visualized with EZ-ECL kit for HRP detection (Beit Haemek, Israel). The intensities of immunoblot bands were determined by ImageJ software.



Confocal Fluorescence Microscopy

Microscopy was carried out in Olympus FluoView FV1000 confocal microscope. Alexa Fluor 488 labeled phalloidin (Invitrogen, Carlsbad, CA, USA) was used to visualize F-actin. CR3 was visualized using two rat anti-mouse CR3 mAbs produced by hybridoma cell lines: mAb M1/70 (Developmental Studies Hybridoma Bank, Iowa City, IA, USA) and mAb 5C6 (American Type Culture Collection, Rockville, VA, USA) followed by Cy3-conjugated rabbit anti-rat IgG (Jackson ImmunoResearch, West Grove, PA, USA). Optical slices, 1 μm thick, were scanned sequentially and then used to reconstruct whole images.



Statistical Analysis and Data Presentation

Parametric statistics were used after verifying that all data values follow a Gaussian distribution. The D’Agostino-Pearson normality test, unpaired t-test and one- and two way ANOVA were carried out using GraphPad Prism software as detailed in figure legends.




RESULTS


Galectin-3 Activates the Phagocytosis of Myelin-Debris

We previously showed that Galectin-3 activates the phagocytosis of myelin-debris in cultured primary microglia by binding and stabilizing K-Ras.GTP and so enhancing K-Ras.GTP/PI3K signaling (Rotshenker et al., 2008; Rotshenker, 2009). We reached this understanding based on the findings that levels of K-Ras. GTP alone and levels of the K-Ras.GTP/Galectin-3 complex increased during phagocytosis, and further, that disrupting the K-Ras.GTP/Galectin-3 complex pharmacologically reduced K-Ras.GTP levels, PI3K activity and phagocytosis. To validate the key role Galectin-3 plays in activating phagocytosis, we presently KD Galectin-3 protein levels in cultured primary microglia through lentiviral infection with Gal-3-shRNA, generating Gal-3-KD microglia. We used microglia infected with non-target Luciferase-shRNA as control. Gal-3-KD microglia displayed about 70% reductions in both Galectin-3 protein levels and myelin-debris phagocytosis compared with control microglia (Figure 1). This finding conforms to our previous observations that disrupting the K-Ras.GTP/Galectin-3 complex pharmacologically reduced phagocytosis by 70% (Rotshenker et al., 2008). Thus, our present and previous findings validate the key role that Galectin-3 plays in activating phagocytosis.
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FIGURE 1. The phagocytosis of myelin-debris is reduced in microglia expressing reduced levels of Galectin-3 protein. (A,B) Galectin-3 (Gal-3) protein levels were reduced/knocked-down (KD) in microglia infected with Gal-3-small-hairpin RNA (shRNA; Gal-3-KD microglia) compared with control microglia infected with non-target Luciferase-shRNA (Con-Luc microglia). (A) Quantification of Gal-3 protein levels based on (B) immunoblot analysis. (A) Gal-3 levels in Gal-3-KD microglia were calculated as percentage of Gal-3 levels in control microglia (Con-Luc) normalized to 100%. Values from individual blots and averages ± SE are given. Significance of difference, ****p < 0.0001, by unpaired t-test. (C) Phagocytosis of myelin-debris is reduced in Gal-3-KD microglia. Phagocytosis by Gal-3-KD microglia was calculated as percentage of phagocytosis by control microglia (Con-Luc) normalized to 100%. Values of individual experiments and averages ± SE are given. Significance of difference, ****p < 0.0001, by unpaired t-test.





Nucleolin (NCL) and Nucleophosmin (NPM) Activate the Phagocytosis of Myelin-Debris

Our previous findings suggest that Galectin-3 activates the phagocytosis of myelin-debris by advancing K-Ras signaling (Rotshenker et al., 2008; Rotshenker, 2009). Since NCL and NPM also advance K-Ras signaling (Inder et al., 2010), we hypothesized that NCL and NPM could activate phagocytosis as does Galectin-3. We tested this prediction using specific NCL and NPM inhibitors (Figure 2). NCL inhibitor AS14111 reduced phagocytosis by about 30% and NPM inhibitor NSC38884 reduced phagocytosis by about 25%. This contrasts with about 70% reduced phagocytosis caused by knocking down Galectin-3 protein levels in Gal-3-KD microglia (Figure 1) and about 70% reduced phagocytosis caused by disrupting the K-Ras.GTP/Galectin-3 complex pharmacologically (Rotshenker et al., 2008; Rotshenker, 2009). This discrepancy could result, in part, from the different mechanism by which the three advance K-Ras signaling. Galectin-3 does so by stabilizing K-Ras.GTP (i.e., already activated K-Ras) and NCL and NPM by stabilizing K-Ras.GDP that yet needs to undergo activation at the inner surface of cell membranes (Inder et al., 2010; Tian et al., 2010).
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FIGURE 2. Nucleolin (NCL) and nucleophosmin (NPM) inhibitors reduce the phagocytosis of myelin-debris. Wild-type microglia were pre-incubated in NCL inhibitor AS1411, NPM inhibitor NSC38884 and their respective controls, myelin-debris added for 1-h and phagocytosis assayed. Phagocytosis in the presence of each inhibitor was calculated as percentage of phagocytosis in its respective control normalized to 100%. Values of individual experiments and averages ± SE are given. Significance of difference, ****p < 0.0001, by unpaired t-test.





Galectin-3 Controls Microglia Morphology and the Organization of Actin Filaments

Strikingly and unexpectedly, the morphology of cultured Gal-3-KD microglia differed dramatically from that of cultured control microglia (Figure 3). Control microglia were mostly oval/ellipsoid and fine filopodia projected from them. In contrast, Gal-3-KD microglia extended thick branches that varied from short to very long. Some of these primary branches gave rise to secondary thick branches and filopodia projected from both primary and secondary branches. The morphology of control and Gal-3-KD microglia was very similar to that of cultured microglia obtained from wild-type and Galectin-3 knockout (Gal-3−/−) mice (Figure 5). We refer to the morphology of Gal-3-KD microglia as being “branched-like” and that of control microglia as being “amoeboid-like” since the two reminded us of the “branched” and “amoeboid” morphologies described by Rio-Hortega (1932) in the intact and injured CNS parenchyma, respectively (Rio-Hortega, 1932; Sierra et al., 2016).
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FIGURE 3. Control microglia display amoeboid-like morphology and organization of filaments of actin (F-actin) in filamentous structures whereas Gal-3-KD microglia display branched-like morphology and organization of F-actin in dense punctate and massive deposits. Immunofluorescence confocal microscopy images of (A–C) a control microglia and (D through I) two fields of Gal-3-KD microglia. (A,D,G) F-actin is visualized by Alexa Fluor 488 labeled phalloidin (green). (B,E,H) Complement receptor-3 (CR3), a principal phagocytic receptor that mediates the phagocytosis of myelin-debris (Rotshenker, 2003), is visualized by anti-CR3 mAbs M1/70 and 5C6 (red). (C,F,I) F-actin/CR3 overlap (yellow). As seen, the images of Gal-3-KD microglia in (D through I) are reduced by a factor of five compared with the images of the control microglia in (A–C). Bars: 10 μm in (C) for control microglia and 40 μm in (F,I) for Gal-3-KD microglia.
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FIGURE 4. Knocking down Galectin-3 advances the inactive state of cofilin (cofilin → p-cofilin) in non-phagocytosing and phagocytosing Galectin-3-KD microglia. (A) Levels of inactive p-cofilin are higher in non-phagocytosing Gal-3-KD than in non-phagocytosing control (Con-Luc) microglia. A representative immunoblot (one of six) of phosphorylated and total cofilin-1 (p- and T-cofilin). The western blot images were cropped for illustration purposes in Supplementary Figure S1. (B) Cofilin is transiently activated (i.e., transient reduction in p-cofilin) in control (Con-Luc) microglia but not in Gal-3-KD microglia. Quantitation of the ratio p/T cofilin based on immunoblots of microglia lysates taken before (time 0) and after 10 and 30 min of phagocytosis. The ratio p/T cofilin in non-phagocytosing control (Con-Luc) microglia (time 0 as in A) was defined 100%. Then, p/T in all other non-phagocytosing and phagocytosing microglia was calculated as percentage of p/T in control (Con-Luc) microglia at time 0. Average values ± SEM of six experiments, each performed in duplicates, are given. Significance of differences between initial values at 0 min and those at 10 and 30 min was calculated for control (Con-Luc) and Gal-3-KD microglia separately by one-way ANOVA and the Dunnett post-test. Activation of cofilin is significant, ***p < 0.001, in control (Con-Luc) microglia at 10 min. The difference between control (Con-Luc) and Gal-3-KD microglia is significant at all-time points (0, 10 and 30 min), p < 0.001 for each time point, by two way ANOVA and the Bonferroni posttest (not marked on the graph).
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FIGURE 5. Galectin-3 controls microglia phenotype whether amoeboid and phagocytic or branched and non-phagocytic by regulating the cytoskeleton. Immunofluorescence confocal microscopy images of cultured (A) wild-type and (B) Gal-3−/− microglia. F-actin is visualized by Alexa Fluor 488 labeled phalloidin (green). As seen, the image of the Gal-3−/− microglia in (B) is reduced by a factor of 6.4 compared with the image of the wild-type microglia in (A). Bars: 5 μm in (A) and 20 μm in (B).



Moreover, the organization of actin filaments (F-actin) in control microglia differed strikingly from that in Gal-3-KD microglia (Figure 3). In control microglia, F-actin appeared in fine filamentous structures at the cell center and in closely packed filamentous structures at the cell cortex. In contrast, in Gal-3-KD microglia, F-actin appeared predominantly in highly dense deposits that varied from punctate to massive, and furthermore, fine filamentous structures were barely detected, if at all. The organization of F-actin in control and Gal-3-KD microglia was similar to that in cultured microglia from wild-type and Gal-3−/− mice (Figure 5). Thus, knocking down and knocking out Galectin-3 resulted in a dramatic change in both the morphology of microglia and the organization of F-actin in microglia, raising the possibility that Galectin-3 controls microglia morphology by regulating the organization of F-actin.



Galectin-3 Advances the Activation of Cofilin

Changing the organization of F-actin in cells requires that existing F-actin disassemble and new F-actin assemble in a different configuration from before (i.e., remodeling of F-actin). Active unphosphorylated cofilin (cofilin) initiates remodeling by causing F-actin to disassemble whereas inactive phosphorylated cofilin (p-cofilin) advances F-acting stabilization by obstructing the disassembly of F-actin (Oser and Condeelis, 2009; Bernstein and Bamburg, 2010). This understanding led us to hypothesize that cofilin could be instrumental in changing the organization of F-actin in control and wild-type microglia from that in Gal-3-KD and Gal-3−/− microglia (Figures 3, 5). Further, we showed before that active cofilin activated and inactive p-cofilin inhibited phagocytosis in which filopodia/lamellipodia engulf myelin-debris (Hadas et al., 2012; Gitik et al., 2014). Taken all in consideration, could Galectin-3 control microglia morphology, F-actin organization, and phagocytosis by regulating the activation state of cofilin?

We addressed this issue by analyzing the activation state of cofilin before and during phagocytosis in control and Gal-3-KD microglia (Figure 4). Levels of inactive cofilin (i.e., p-cofilin), which advances the stabilization of F-actin, were higher in non-phagocytosing Gal-3-KD microglia than in non-phagocytosing control microglia. Then, during phagocytosis, in agreement with our previous findings (Hadas et al., 2012; Gitik et al., 2014), control microglia displayed transient activation of cofilin (i.e., transient reduction in p-cofilin levels). In contrast, levels of inactive p-cofilin remained high throughout phagocytosis in Gal-3-KD microglia. Taken altogether, it is very likely that knocking down Galectin-3 prompted structural changes in non-phagocytosing Gal-3-KD microglia and further reduced their phagocytic activity by advancing the inactive state of cofilin (i.e., increasing p-cofilin levels).




DISCUSSION

Our findings are the first to suggest a molecular mechanism that controls both the morphology and the phagocytic activity of microglia, namely, that Galectin-3, by regulating the cytoskeleton, controls microglia phenotype whether amoeboid and phagocytic or branched and non-phagocytic. We reached this understanding based on the findings that amoeboid microglia were rich in Galectin-3, they displayed productive phagocytosis and F-actin organized in them in filamentous structures readily accessible for remodeling by active cofilin. In contrast, branched microglia were deficient in Galectin-3, they displayed unproductive phagocytosis, F-actin organized in them in punctate and/or massive deposits stabilized by inactive cofilin and the appearance of F-actin in filamentous structures was scarce. Thus consistent with the realization that the cytoskeleton controls cell morphology, the presence or absence of Galectin-3 could determine microglia morphology, whether amoeboid or branched, by controlling the activation state of cofilin and so affecting how F-actin is organized and how stable any particular organization is. Consistent with the realization that cofilin driven remodeling of F-actin advances the protrusion of filopodia/lamellipodia (Oser and Condeelis, 2009; Bernstein and Bamburg, 2010) and our previous findings that cofilin activates phagocytosis in which filopodia/lamellipodia engulf myelin-debris (Hadas et al., 2012; Gitik et al., 2014), Galectin-3 could activate phagocytosis by advancing the activation of cofilin. Taken altogether, it is most probable that Galectin-3 controls microglia phenotype whether amoeboid/phagocytic or branched/non-phagocytic by regulating the activation state of cofilin, which, in turn, affects the organization and stability of F-actin (Figure 5).

Galectin-3 activating the phagocytosis of myelin-debris through cofilin, as we show here, adds to our previous findings that Galectin-3 activated phagocytosis by enhancing K-Ras.GTP/PI3K signaling (Rotshenker et al., 2008; Rotshenker, 2009), leading to PI3K/PLC/PKC signaling (Makranz et al., 2004; Cohen et al., 2006) and then to actin/myosin-based contraction, causing filopodia/lamellipodia to retract/internalize myelin-debris (Gitik et al., 2010). Our present findings that NCL and NPM activated phagocytosis, albeit less than Galectin-3, agree with and further support the concept that Galectin-3 activates phagocytosis by advancing K-Ras signaling since also NCL and NPM advance K-Ras signaling (Inder et al., 2010; Tian et al., 2010). Nonetheless, as we currently show, Galectin-3 dominated over NCL and NPM in this regard. Thus, our present and previous findings together suggest that Galectin-3 activates phagocytosis by targeting the cytoskeleton twice: first, by advancing the active state of cofilin, leading to F-actin remodeling, and second, by advancing K-Ras.GTP/PI3K signaling, leading to actin/myosin-based contraction (Figure 5).

It is most probable that our proposition that Galectin-3 controls microglia phenotype whether amoeboid/phagocytic or branched/non-phagocytic, which we base on findings in cultured microglia, applies to the in vivo scenario. The concept of Galectin-3 activated phagocytosis is supported by our previous findings that the expression of Galectin-3 (named MAC-2 in some of our previous studies) correlated with myelin-debris phagocytosis in microglia in vivo. In adult mice, non-phagocytosing microglia did not express Galectin-3 protein in intact CNS nor in CNS Wallerian degeneration, i.e., distal to lesion sites. In contrast, and along with activating phagocytosis, microglia upregulated Galectin-3 expression at sites of trauma and in EAE (Reichert and Rotshenker, 1996, 1999). With regard to Galectin-3 controlling microglia morphology, two reports are of interest to us. First, that transcription factors Runx1 and Runx2 regulate Galectin-3 expression in human pituitary tumors (Zhang et al., 2009). Second, that amoeboid microglia in neonate mice but not branched microglia in adult mice expressed Runx1, and further, that Runx1 is upregulated in spinal cord microglia activated by nerve injury in adult mice (Zusso et al., 2012). If in mice, as in human pituitary tumors, Runx1 controls Galectin-3 protein expression, then Runx1 controls microglia morphology in vivo through Galectin-3 as our present findings suggest. Lastly, Galectin-3 may also be involved in the pruning of synapses during the neonatal period and in the early loss of synapses in Alzheimer diseases (Schafer et al., 2012; Hong et al., 2016). We base this suggestion on the findings that in these two instances CR3 mediated the phagocytosis of synaptic elements in microglia and that CR3 is the principal phagocytic receptor that mediated the phagocytosis of myelin-debris in microglia in our studies (Reichert and Rotshenker, 2003; Rotshenker, 2003). Thus, Galecin-3 could activate CR3 mediated phagocytosis of synaptic elements as it activated CR3 mediated phagocytosis of myelin-debris. Taken altogether, Galectin-3 may control microglia morphology and phagocytic activity in vivo as in vitro.
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FIGURE S1 | Levels of inactive p-cofilin are higher in non-phagocytosing control (Con-Luc)microglia than in non-phagocytosing Gal-3-KD microglia. (A,B) Two separateimmunoblots were carried out using replicate lysate samples from non-phagocytosing control(Con-Luc) and Gal-3-KD microglia. In (A), p-cofilin was visualized and in (B), T-cofilin wasvisualized. The marked images were cropped and used for illustration in manuscript Figure 4.
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Accumulation of mutated superoxide dismutase 1 (mSOD1) in amyotrophic lateral sclerosis (ALS) involves injury to motor neurons (MNs), activation of glial cells and immune unbalance. However, neuroinflammation, besides its detrimental effects, also plays beneficial roles in ALS pathophysiology. Therefore, the targeting of microglia to modulate the release of inflammatory neurotoxic mediators and their exosomal dissemination, while strengthening cell neuroprotective properties, has gained growing interest. We used the N9 microglia cell line to identify phenotype diversity upon the overexpression of wild-type (WT; hSOD1WT) and mutated G93A (hSOD1G93A) protein. To investigate how each transduced cell respond to an inflammatory stimulus, N9 microglia were treated with lipopolysaccharide (LPS). Glycoursodeoxycholic acid (GUDCA) and dipeptidyl vinyl sulfone (VS), known to exert neuroprotective properties, were tested for their immunoregulatory properties. Reduced Fizz1, IL-10 and TLR4 mRNAs were observed in both transduced cells. However, in contrast with hSOD1WT-induced decreased of inflammatory markers, microglia transduced with hSOD1G93A showed upregulation of pro-inflammatory (TNF-α/IL-1β/HMGB1/S100B/iNOS) and membrane receptors (MFG-E8/RAGE). Importantly, their derived exosomes were enriched in HMGB1 and SOD1. When inflammatory-associated miRNAs were evaluated, increased miR-146a in cells with overexpressed hSOD1WT was not recapitulated in their exosomes, whereas hSOD1G93A triggered elevated exosomal miR-155/miR-146a, but no changes in cells. LPS stimulus increased M1/M2 associated markers in the naïve microglia, including MFG-E8, miR-155 and miR-146a, whose expression was decreased in both hSOD1WT and hSOD1G93A cells treated with LPS. Treatment with GUDCA or VS led to a decrease of TNF-α, IL-1β, HMGB1, S100B and miR-155 in hSOD1G93A microglia. Only GUDCA was able to increase cellular IL-10, RAGE and TLR4, together with miR-21, while decreased exosomal miR-155 cargo. Conversely, VS reduced MMP-2/MMP-9 activation, as well as upregulated MFG-E8 and miR-146a, while producing miR-21 shuttling into exosomes. The current study supports the powerful role of overexpressed hSOD1WT in attenuating M1/M2 activation, and that of hSOD1G93A in switching microglia from the steady state into a reactive phenotype with low responsiveness to stimuli. This work further reveals GUDCA and VS as promising modulators of microglia immune response by eliciting common and compound-specific molecular mechanisms that may promote neuroregeneration.

Keywords: amyotrophic lateral sclerosis, mutant SOD1G93A, microglia reactivity, inflammatory-associated microRNAs, glycoursodeoxycholic acid, vinyl sulfone


INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron (MN) disease that affects both upper MNs, in the motor cortex, and lower MNs, in the brainstem and spinal cord. The major hallmark of this disease is the accumulation of intracellular protein inclusions in MNs, thought to be caused by mutations, protein damage such as oxidation, or protein seeding (Chiò et al., 2013; Robberecht and Philips, 2013). Among the several genes linked to ALS, there is evidence supporting a pathogenic role for Cu/Zn superoxide dismutase 1 (SOD1) in 20% of familial ALS cases and 3% of sporadic cases (Krüger et al., 2016). In fact, mutations in SOD1 are associated with a toxic gain of function that leads to protein misfolding and aggregation of the protein intracellularly (Rotunno and Bosco, 2013). More importantly, the uptake of misfolded and aggregated mutant SOD1 by other cells induces aggregation of endogenous mutant SOD1 and wild-type (WT) SOD1 protein (Münch et al., 2011; Sundaramoorthy et al., 2013). Small extracellular vesicles, here also designated as exosomes, have particular relevance as part of the cell-to-cell signaling mechanisms. Actually, once released, these vesicles can be taken up by nearby cells or travel long distances, affecting cellular function in either physiological or pathological ways (Sarko and McKinney, 2017). Misfolded and mutant SOD1 can be released via exocytosis, upon apoptosis or, as recently reported, inside exosomes (Gomes et al., 2007; Basso et al., 2013; Silverman et al., 2016). Once released into the extracellular space, mutant SOD1 activates microglia (Zhao et al., 2010) and we recently showed that the engulfment of exosomes released from mutant SOD1 MNs by microglia leads to the activation of inflammatory signaling pathways and loss of their phagocytic ability (Pinto et al., 2017). Despite decades of research and several studies pointing to SOD1 toxic function as the main player in ALS pathogenesis, the exact role of SOD1WT and the impact of the mutated form in microglia function remains unclear. The relevance of microglia in the onset and progression of ALS is increasingly recognized and different polarized activated phenotypes were found in several models of ALS. In the majority of the studies using mutated SOD1 models, microglia overactivation was shown to contribute for ALS progression (Beers et al., 2006; Boillée et al., 2006). Two types of microglial activation have been considered, the classical M1 phenotype associated with the release of pro-inflammatory molecules and activation of receptors, and the M2 phenotype related with the secretion of anti-inflammatory mediators and growth factors, contributing to the repair and neuroprotection (Brites and Fernandes, 2015; Komine and Yamanaka, 2015). However, the latest knowledge points to the coexistence of different heterogeneous states and mixed phenotypes (Tang and Le, 2016; Pinto et al., 2017), and anti-inflammatory strategies have been replaced by the concept of active immunomodulation (Pena-Altamira et al., 2016). Actually, microglia activation was described as having both beneficial and injurious effects in ALS, depending on the relative prevalence of harmful and protective genes, on the ALS disease model and on the state of disease progression (Liao et al., 2012; Brites and Vaz, 2014; Gravel et al., 2016). In this sense, while the reduction of microgliosis was shown to slow ALS progression in the mutated SOD1 mice (Martínez-Muriana et al., 2016), reactive microglia was protective to MN degeneration in a mouse model of TDP-43 proteinopathy (Spiller et al., 2018), reinforcing the relevance of microglia reactivity and function in the ALS context.

Inflammatory-associated microRNAs (inflamma-miRNAs) are without doubt a new paradigm for understanding immunoregulation and inflammation. They showed to be important mediators of macrophages/microglia polarization and were found as part of microglia exosomal cargo, thus being able to modulate other cells (Alexander et al., 2015; Cardoso et al., 2016; Cunha et al., 2016; Fernandes et al., 2018). One of the miRNAs that gained particular attention in ALS is miRNA(miR)-155, already described in fALS and sALS patients (Koval et al., 2013), and also in the pre-symptomatic mutated superoxide dismutase 1 (mSOD1) mice, even before MN loss (Cunha et al., 2018), pointing this miRNA as a promising biomarker in ALS. Interestingly, targeting of miR-155 restored microglial proper functions in mSOD1 mice and prolonged mice survival (Butovsky et al., 2015), suggesting the benefits of molecules targeting miR-155 levels to be used as therapeutic strategies.

Currently, there are still no specific targets and effective therapies for ALS, due to the involvement of several multifactorial pathophysiological mechanisms. The only available treatments licensed by the Food and Drug Administration (FDA) are riluzole, since 1996, and the new compound, Edaravone (Abe et al., 2017; Cruz, 2018). Our previous studies have demonstrated that glycoursodeoxycholic acid (GUDCA), a conjugated bile acid, has antioxidant, anti-inflammatory and neuroprotective effects in a cellular model of mutant SOD1 neurodegeneration (Vaz et al., 2015). Lately, we also showed that dipeptidyl vinyl sulfone (VS), a small molecule with inhibitory cysteine protease activity, was able to prevent amyloid-β(Aβ)-induced microglia-inflammatory signaling pathways in the N9 microglia cell line, by inhibiting high mobility group box protein 1 (HMGB1) and interleukin(IL)-1β production (Falcão et al., 2017). Surprisingly, VS was also able to rescue miR-155 overexpression, thus indicating its potential in miR-155 immunoregulation.

Mice overexpressing human SOD1WT have been used as controls, but some studies revealed the existence of abnormalities in the cerebellum (Afshar et al., 2017) and others that hastened the disease in G85R transgenic mice (Wang et al., 2009), highlighting that exaggerated expression of SOD1 is clearly not physiological. In fact, overexpression of both SOD1 and SOD1G93A genes account for an elevation of SOD1 protein levels and changes in iron metabolism genes expression (Gajowiak et al., 2015). However, in the N9 murine microglia, SOD1 overexpression decreased the release of tumor necrosis factor α (TNF-α) and IL-6 upon stimulation with lipopolysaccharide (LPS; Dimayuga et al., 2007), and that of mutant SOD1 in BV-2 microglial cell lines increased TNF-α secretion and their neurotoxic potential (Liu et al., 2009). It is thus essential to significantly expand our knowledge on the molecular mechanisms involved in ALS microglia dysfunctional properties to target key steps with novel drugs. In the present study, we assessed the inflammatory phenotype diversity of N9 murine microglia upon transduction to promote the overexpression of human SOD1, WT (hSOD1WT) or mutated G93A (hSOD1G93A) protein, relatively to naïve cells. To have a better insight on how such transduction may differently compromise the microglia response to an inflammatory stimulus, we treated these cells with LPS and evaluated a set of inflammatory and anti-inflammatory mediators, as well as inflamma-miRNAs. Finally, we assessed the potential immunoregulatory properties of GUDCA and VS.

Data revealed that both hSOD1WT and hSOD1G93A overexpression in N9-microglia induced morphological shape alterations and reduction of M2 markers, compatible with an activated cell. Major inflammatory genes were only increased in the hSOD1G93A cells, which released exosomes enriched in miR-155 and miR-146a, as well as in HMGB1 and SOD1 mRNAs. Interestingly, transduced cells showed a defective stimulus-response to LPS, in contrast with the naïve cells that presented exacerbated inflammatory markers. We also provide evidence that GUDCA and VS exert immunomodulatory properties over the hSOD1G93A microglia, but that their benefits are mediated by molecular pathways that are specific of each compound. Thus, we may conclude that depending on the key molecular cascades to be modulated towards neuroprotection, GUDCA and VS can be effective therapeutic strategies to restore microglial function in ALS.



MATERIALS AND METHODS


N9 Cell Line Transduction: Lentiviral Production and Generation of N9 Cells Expressing hSOD1WT-GFP and hSOD1G93A-GFP Protein

We used the N9 microglial cell line (Cunha et al., 2016; Pinto et al., 2017). These cells are reported to present features similar to microglia in primary cultures, such as phagocytosis and inflammation-related features (Righi et al., 1989; Bruce-Keller et al., 2000; Fleisher-Berkovich et al., 2010). Lentiviral particles were produced by co-transfections of HEK293T cells with the packaging plasmids pGal-pol and pRev, the envelope plasmid pVSV-G and the lentiviral expression vectors plvAcGFP-hSOD1wt/plvAcGFP-hSOD1G93A (plasmids #27138 and #27142, respectively, Addgene, Cambridge, USA; Stevens et al., 2010), at a ratio of 3:2:1:4, using X-tremeGene HP, according to the manufacturer’s instructions (Roche, Mannhein, Germany; Simões et al., 2015; Pereira et al., 2016). Twenty-four hours after transfection, cell media was changed. Supernatants containing lentiviral particles were collected after 48 and 72 h, filtered using a 0.22 μm sterile filter and stored at −80°C. To stably overexpress hSOD1WT and hSOD1G93A in N9 microglia cell line, cells were seeded in 6-well plates at a density of 3 × 105 cells/well and, 24 h after plating, cells were transduced by adding the supernatants containing lentiviral particles. Media was changed 4–5 times to eliminate all the lentiviral particles (Simões et al., 2015; Pereira et al., 2016). Stable cell lines were purified by cell sorting of green fluorescent protein (GFP) expression (BDFACSAria, BD Biosciences) and the percentage of GFP-positive cells was monitored in the GUAVA flow cytometer. The percentage of GFP-expressing cells was >80% in all experiments (Figure 1). Cells were maintained in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine and 1% Penicillin/Streptomycin. For each experiment, cells were plated at a concentration of 1 × 105 cells/ml (Cunha et al., 2016). RPMI was purchased from Sigma-Aldrich (St. Louis, MO, USA). FBS, L-glutamine and Penicillin/Streptomycin were purchased from Biochrom AG (Berlin, Germany).
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FIGURE 1. Schematic representation of cell transfection for lentiviral production and further generation of N9 cells expressing hSOD1WT-green fluorescent protein (GFP) and hSOD1G93A-GFP protein. HEK293T cells were incubated with the packaging plasmids pGal-pol and pRev, the envelop plasmid pVSV-G and the lentiviral expression vectors plvAcGFP-hSOD1WT and plvAcGFP-hSOD1G93A, in order to produce lentivirus carrying single-strand RNAs (ssRNA) containing the sequence for human superoxide dismutase 1 wild-type (WT; hSOD1WT), and carrying the G93A mutation (hSOD1G93A). Cell supernatants were collected and incubated with N9 naïve cells, then reverse transcriptase converted the ssRNA into double-strand RNA (dsRNA) that entered the cell nucleus and stably integrated the genome.





N9 Cells Incubation

After 24 h of plating, cellular media was changed and either hSOD1WT and hSOD1G93A cells were maintained for 48 h, treated or not with LPS (300 ng/ml). Non-transduced N9 cells (naïve) were used as controls, and also treated or not with LPS. In another set of experiments, hSOD1G93A cells were incubated with GUDCA (50 μM) or with VS (10 μM), also during 48 h.



Exosome Isolation

Exosomes were obtained from the extracellular media of N9 naïve, hSOD1WT and N9 hSOD1G93A cells, according to our previous publication (Pinto et al., 2017). Briefly, after the time of incubation, extracellular media was centrifuged at 1,000 g for 10 min, to remove cell debris. Then, the supernatant was transferred to a different tube and centrifuged at 16,000 g for 1 h to pellet microvesicles. The recovered supernatant was filtered in a 0.22 μm pore filter, transferred to an ultracentrifuge tube and centrifuged at 100,000 g for 2 h, to pellet exosomes. Afterward, the pellet of exosomes was resuspended in phosphate-buffered saline (PBS) and centrifuged one last time at 100,000 g for 2 h, in order to wash the pellet. All the procedure was performed at 4°C. Exosome pellet was resuspended in lysis buffer for further RNA isolation.



Negative-Staining Transmission Electron Microscopy

Exosomes were visualized by transmission electron microscopy (TEM); for negative staining TEM, 10 μL of samples were mounted on Formvar/carbon film-coated mesh nickel grids (Electron Microscopy Sciences, Hatfield, PA, USA) and left standing for 2 min. The liquid in excess was removed with filter paper, and 10 μL of 1% uranyl acetate was added on to the grids and left standing for 10 s, after which, the liquid in excess was removed with filter paper. Visualization was carried out on a JEOL JEM 1400 TEM at 120 kV (Tokyo, Japan). Images were digitally recorded using a CCD digital camera Orious 1100W Tokyo, Japan at the HEMS/i3S of the University of Porto.



Western Blot

Cells were collected in Cell Lysis Buffer and protein concentration was determined using a protein assay kit (Bio-Rad, Hercules, CA, USA) according to manufacturer’s specifications. Then, 50 μg of protein were separated in a 12% polyacrylamide electrophoresis gel (SDS-PAGE) and transferred to a nitrocellulose membrane. After blocking with 5% (w/v) nonfat milk solution, membranes were incubated with the following primary antibodies: rabbit anti-SOD1 (1:500), mouse anti-GFP (1:1,000 both from Santa Cruz Biotechnology®) or anti-β-actin (1:5,000), from Sigma, all diluted in 5% (w/v) BSA overnight at 4°C, followed by the secondary antibodies goat anti-rabbit or goat anti-mouse, respectively, both HRP-linked (1:5,000 Santa Cruz Biotechnology®) diluted in blocking solution. Chemiluminescence detection was performed by using Western BrightTM Sirius (K- 12043-D10, Advansta, Menlo Park, CA, USA) and bands were visualized in the ChemiDocTM XRS System (Bio-Rad; Vaz et al., 2015). In parallel, we performed western blot analysis in isolated exosomes to evaluate the expression of Alix, Flotillin-1 and CD63 by using the same procedure, 20 μg of total protein and specific antibodies (mouse anti-Alix, Cell Signaling, mouse anti-flotillin-1, BD Biosciences, goat anti-CD63, Santa Cruz Biotechnology). In this case, we used Amido Black staining as the loading control.



Quantitative Real Time-PCR

Total RNA was extracted from N9 microglia using TRIzol® (LifeTechnologies, Carlsbad, CA, USA), according to manufacturer’s instructions. RNA inside exosomes was extracted using miRCURY Isolation Kit—Cell (#300110, Exiqon, Vedbaek, Denmark). Total RNA was quantified using Nanodrop ND-100 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and conversion to cDNA was performed with GRS cDNA Synthesis Master Mix (GRiSP, Porto, Portugal). Quantitative Real Time-PCR (qRT-PCR) was performed on a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems) using an Xpert Fast Sybr Blue (GRiSP). qRT-PCR was accomplished under optimized conditions: 50°C for 2 min followed by 95°C for 2 min and finally 50 cycles at 95°C for 5 s and 62°C for 30 s. In order to verify the specificity of the amplification, a melt-curve analysis was performed, immediately after the amplification protocol. Non-specific products of PCR were not found in any case. Results were normalized to β-actin and expressed as fold change. The sequences used for primers are represented in Supplementary Table S1. For miRNA analysis, conversion of cDNA was achieved with the universal cDNA Synthesis Kit (#203301, Exiqon; Cunha et al., 2018). The Power SYBR® Green PCR Master Mix (Applied Biosystems) was used in combination with predesigned primers (Exiqon), represented in Supplementary Table S1, using SNORD110, U6 and RNU1A1 as reference genes. The reaction conditions consisted of polymerase activation/denaturation and well-factor determination at 95°C for 10 min, followed by 50 amplification cycles at 95°C for 10 s and 60°C for 1 min (ramp-rate 1.6°/s). Relative mRNA and miRNA concentrations were calculated using the ΔΔCT equation and quantification of target miRNAs was made in comparison to the geometric average of the three reference genes. In addition, we used the synthetic RNA template spike-in (UniSp6) as a positive control to ensure the quality of the reaction and subsequent evaluations. All samples were measured in duplicate.



Assessment of Gelatinases (MMP-2 and MMP-9) by Gelatin Zymography

Activities of MMP-2 and MMP-9 were determined in the N9 extracellular media, either alone or after incubation with LPS, GUDCA or VS, by performing a SDS-PAGE zymography in 0.1% gelatin-10% acrylamide gels, under non-reducing conditions (Silva et al., 2010). Briefly, after electrophoresis, the gels were washed for 1 h in a solution containing 2.5% Triton-X-100 to remove SDS and to renature the MMP species in the gel and then incubated at 37°C to induce gelatin lysis (buffer: 50 mM Tris pH 7.4, 5 mM CaCl2, 1 μM ZnCl2) overnight. Gels were then stained with 0.5% Coomassie Brilliant Blue R-250 (Sigma-Aldrich) and destained in 30% ethanol/10% acetic acid/H2O (v/v). Gelatinase activity, detected as a white band on a blue background, was measured using the Image LabTM analysis software (Bio-Rad).



Quantification of Nitrite Levels

Levels of nitric oxide (NO) were estimated by measuring the concentration of nitrites ([image: image]), a product of NO metabolism, in the extracellular media of N9 cells. Extracellular medium, free from cellular debris, was mixed with Griess reagent [1% (w/v) sulfanilamide in 5% H3PO4 and 0.1% (w/v) N-1 naphtylethylenediamine, all from Sigma-Aldrich, in a proportion of 1:1 (v/v)] in 96-well tissue culture plates for 10 min in the dark, at room temperature (Vaz et al., 2015). The absorbance at 540 nm was determined using a microplate reader (Bio-Rad Laboratories; Hercules, CA, USA). A calibration curve was used for each assay. All samples were measured in duplicate.



Statistical Analysis

Results of at least three independent experiments were expressed as mean ± SEM. Comparisons between N9 naïve and N9 naïve incubated with LPS were made using unpaired two-tailed Student’s t-test. Comparisons between the different groups were made by one-way ANOVA followed by multiple comparisons Bonferroni post hoc correction using GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). P-values of 0.05 were considered statistically significant.




RESULTS


Overexpression of Human WT and Mutant SOD1 in N9 Microglia Does Not Produce Significant Alterations in Cellular Viability or Phagocytic Ability and Neither in the Number of Cell-Derived Exosomes

To achieve SOD1 overexpression in microglia, N9 naïve cells were transduced with hSOD1WT and hSOD1G93A coupled with a GFP tail, as detailed in the methods section, which allowed us to monitor protein expression over time. As previously observed in our group, Western blot analysis showed the presence of mouse SOD1 protein expression at 16 kDa in all samples (Vaz et al., 2015). In N9 hSOD1WT and hSOD1G93A microglia, hSOD1 expression was verified at ~48 kDa, consistent with the weight of hSOD1 coupled with the GFP tail (Figure 2A). In addition, the 27 kDa band corresponding to GFP alone (indicated in additional supporting information) was only detected in cells transduced with GFP alone upon incubation with anti-GFP antibody. To note that, although appearing slightly higher in N9 hSOD1WT microglia, we did not find significant differences between hSOD1WT and hSOD1G93A expression, also confirmed by the percentage of GFP-positive cells checked routinely in the GUAVA flow cytometer, as well as by immunocytochemistry (Figure 2B). We additionally evaluated cellular morphology, phagocytic ability and cell viability to assess the impact of hSOD1 transduction in these cells. However, no differences were found between hSOD1WT and hSOD1G93A cells (Supplementary Figure S1).
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FIGURE 2. Transduced N9 microglia efficiently express the human SOD1 protein. The presence of hSOD1 WT and carrying the G93A mutation (hSOD1WT and hSOD1G93A, respectively), coupled with the green fluorescent protein tail (hSOD1-GFP), as well as the expression of GFP was confirmed by Western blot and immunocytochemistry. (A) Western blot analysis indicates the presence of mouse SOD1, as well as hSOD1-GFP at a higher weight, while GFP expression in only observed for cells transduced with GFP not fused with hSOD1. Representative results from one blot are shown and β-actin was used as a loading control. Samples ran in the same gel at the same conditions. (B) Expression of hSOD1-GFP was confirmed by immunocytochemistry (green fluorescence). Nuclear staining was achieved with Hoechst dye (in blue). Representative results of one experiment are shown. Scale bar represents 20 μm.



In our previous work, we demonstrated that neuronal exosomes from hSOD1G93A cells carry a content of inflamma-miRNAs similar to the cells of origin, facilitating the shuttle of miR-124 from neuron to microglia, while induce phenotypic alterations and cellular reactivity in recipient microglia cells (Pinto et al., 2017). Therefore, in the current study, we isolated exosomes from N9, either naïve or overexpressing hSOD1WT or hSOD1G93A. We have confirmed the presence of Alix, Flotillin-1 and the tetraspanin CD63 in exosomal lysates (Figure 3A). Diameter exosome size was ~100 nm and cup-shape morphology was obtained by TEM (Figure 3B).
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FIGURE 3. Exosomes released by N9 cells, either naïve or expressing hSOD1WT or hSOD1G93A show similar markers, size and shape. Exosomes were isolated from the extracellular media of N9 cells, either naïve or overexpressing human hSOD1WT and hSOD1G93A, as described in methods. (A) Western blot analysis indicates the presence of common exosome markers Alix, Flotillin-1, and CD63. (B) Representative images obtained by negative-staining transmission electron microscopy (TEM) of exosomes are depicted evidencing cup shape morphology and that the majority of vesicles have a diameter of close to 100 nm. Scale bar represents 100 nm.





N9 hSOD1WT Microglia Show Downregulated Anti-/Pro-inflammatory Genes, While N9 hSOD1G93A Cells Express Upregulated MFG-E8, RAGE and Pro-inflammatory Genes, and Release Exosomes Enriched in HMGB1 and SOD1

Although SOD1 mutations are reported in fALS cases (Barber and Shaw, 2010), the effect of mutant SOD1G93A specifically in microglia is not completely clarified. Recently, reactive microglia evidenced to exert neuroprotective functions in a mouse model of TDP-43 proteinopathy (Spiller et al., 2018), highlighting the beneficial role that microglia activation may also have in neurodegenerative diseases. To explore the reactive signature of WT and mutant SOD1 in N9 microglia, we evaluated the gene expression of specific inflammatory markers in naïve and in transduced cells overexpressing hSOD1. When compared to naïve cells, N9 hSOD1WT microglia showed decreased levels of pro-inflammatory markers (usually associated to the M1 phenotype, TNF-α/IL-1β/S100B/iNOS), as well as anti-inflammatory markers (related to the M2 phenotype, Arg1/SOCS1/Fizz1/IL-10; Figures 4A,B). Although some anti-inflammatory markers were similar to naïve cells (Arg1 and SOCS1) or reduced in a similar way to those observed in N9 hSOD1WT microglia (Fizz1 and IL-10), N9 hSOD1G93A cells showed an increase in the pro-inflammatory markers that were studied. More importantly, some of these markers (TNF-α, IL-1β and HMGB1) were not only above the levels obtained in N9 hSOD1WT cells, but also above those of naïve cells, which indicate a stressed microglia that may contribute to either a depressed or exacerbated response, depending on the inflammatory stimulus (Figures 4A,B). Since we did not find significant differences between the levels of such markers in N9 transduced with GFP alone (Supplementary Figure S2), we may assume that the changes observed are due to the presence of hSOD1WT or hSOD1G93A and not because of the lentiviral infection. Moreover, increased expression of membrane surface receptors, like MFG-E8 and RAGE, was only evident in N9 hSOD1G93A microglia, when compared to N9 hSOD1WT microglia, while TLR-4 expression was reduced in both cells (Figure 4C). Interestingly, we observed that exosomes may also be involved in the propagation of the alarmin HMGB1 and the SOD1 protein, whose gene levels were found elevated in N9 hSOD1G93A microglia, thus contrasting with N9 hSOD1WT cells (Figure 4D). This result is consistent with previous findings where SOD1 was described to be transported into the extracellular media in exosomes and further collected by other cells (Silverman et al., 2016). This finding suggests that mutated microglia also contribute to chronic inflammatory status through the transport of HMGB1 in their released exosomes, never described to be carried by microglial-derived exosomes.


[image: image]

FIGURE 4. N9 hSOD1G93A microglia have a pro-inflammatory phenotype with an exacerbated MFG-E8 and RAGE gene expression, and originate exosomes enriched in HMGB1 and SOD1. Cellular mRNA expression of pro-inflammatory markers (A), anti-inflammatory markers (B) and membrane surface receptors (C) was assessed by quantitative Real-Time PCR (qRT-PCR). The dashed line represents the average value (N9 naïve cells). (D) mRNA expression was also evaluated in exosomes by qRT-PCR and N9 hSOD1WT cells were used as a control. Results are mean (± SEM) from at least three independent experiments. *p < 0.05 and **p < 0.01 vs. N9 naïve microglia; $p < 0.05 and $$p < 0.01 vs. N9 hSOD1WT microglia; one-way ANOVA (Bonferroni post hoc correction). ##p < 0.01 vs. N9 hSOD1WT cells; unpaired Student’s t-test (two-tailed).





N9 hSOD1WT Microglia Show a Specific miR-146a Upregulation Not Recapitulated in Their Exosomes, While Those From hSOD1G93A Cells Are Unique as Mediators of Neuroinflammation by Their Elevated miR-155 and miR-146a Cargo

Inflamma-miRNAs are reported to have a modulatory role in microglia activation (Cardoso et al., 2012; Saba et al., 2012) and to circulate as part of exosomal cargo (Alexander et al., 2015; Fernandes et al., 2018). In this study, we were mainly interested in assessing for the first time the differential expression of miR-155, miR-146a, miR-125b and miR-21 in N9 cells transduced with WT and mutant SOD1 relatively to the naïve ones, which are known to mediate macrophage polarization (Essandoh et al., 2016), CNS inflammation (Su et al., 2016) and to be expressed in the spinal cord of SOD1G93A mice at the symptomatic stage (Cunha et al., 2018). Decreased levels of miR-125b and miR-21, when compared with the naïve cells (as well as cells transduced with GFP, Supplementary Figure S2), were found in WT and mutated microglia (Figure 5A), and may account to a compromised response to an inflammatory stimulus (Tili et al., 2007; Parisi et al., 2016), thus turning microglia more susceptible to activation (Barnett et al., 2016; Cardoso et al., 2016). Regarding the pro-inflammatory miR-155 and its negative regulator miR-146a, only the last one was increased in N9 hSOD1WT microglia. While upregulated levels of miR-146a in hSOD1WT cells may act as a negative regulator of miR-155 increase, thus accounting for their normal content in exosomes, selective release of miR-155 and miR-146a from hSOD1G93A N9 cells into exosomes (Figure 5B) may drive disease progression in the mSOD1 ALS model. MiRNAs that are overrepresented in exosomes in comparison to levels in the cell indicate a selective exported mechanism (Bell and Taylor, 2017).
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FIGURE 5. N9 hSOD1WT microglia highly express miR-146a, while N9 hSOD1G93A cells actively package miR-155 and miR-146a into their exosomes. Inflammatory microRNAs (miRNA, miR) expression in both cells (A) and exosomes (B) were analyzed by qRT-PCR. N9 naïve cells were used as a control and the dashed line represents the average value. Results are mean (± SEM) from at least three independent experiments. *p < 0.05 and **p < 0.01 vs. N9 naïve microglia; $p < 0.05 and $$p < 0.01 vs. N9 hSOD1WT microglia; one-way ANOVA (Bonferroni post hoc correction).





Overexpression of Human WT and Mutant SOD1 in N9 Microglia Leads to a Defective Inflammatory Gene Response to LPS Stimulation, With an Increased miR-155 Sorting in Exosomes From WT Cells

It was demonstrated that SOD1WT overexpression decreases ROS production and reduces neurotoxic inflammatory markers, even in the presence of LPS (Dimayuga et al., 2007). Therefore, we thought that would be interesting to further explore differences in hSOD1 microglia reactivity towards LPS treatment relatively to naïve cells, to better understand microglial behavior when facing an inflammatory environment in the context of ALS. As indicated in Table 1, incubation of naïve cells with LPS induced an activated phenotype with increased TNF-α, HMGB1 and S100B, but not of IL-1β or iNOS gene expression. Upregulation of Fizz1 and MFG-E8 was notorious, together with increased extracellular MMP-9 activation and NO production. Curiously, we found a decrease in the gene expression of S100B and RAGE. Stimulation with LPS also upregulated miR-155, miR-146a and miR-21, and downregulated miR-125b in cells. Interestingly, they were all found reduced in respective cell-derived exosomes, with the exception of miR-146a. However, either hSOD1WT or hSOD1G93A cells revealed lower expression of pro- and anti-inflammatory genes upon LPS challenge, than naïve N9 microglia.


TABLE 1. Differences in gene and miRNA expression, as well as in soluble factors, after exposure of naïve and transduced N9 microglia to lipopolysaccharide (LPS).
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It is important to note that GFP-transduced cells were able to respond to LPS in a similar manner to naïve N9 in terms of pro- or anti-inflammatory markers we used, as well as in miRNAs expression (Supplementary Figure S2), indicating that the differences in transduced cells do not derive from lentiviral transduction or GFP expression. In a similar way, MFG-E8 and RAGE mRNA levels were found downregulated in both transduced cells, in comparison with the LPS-treated naïve ones, while no significant differences were obtained for extracellular MMP-9, MMP-2 and NO levels. The same defective pattern was observed for inflamma-miRNAs, though an increase of miR-21 was observed in LPS-treated hSOD1WT cells and of miR-125b in hSOD1G93A transduced microglia. To highlight, however, that the selective exported mechanism of miR-155 into exosomes was notorious in the hSOD1WT cells, contrasting with its low expression in mSOD1 cells and their exosomes after stimulation with LPS, further attesting their increased inability to develop an inflammatory response against damage.



Mitigation of Pro-inflammatory Genes and Regulation of Inflamma-miRNAs in N9 hSOD1G93A Microglia by GUDCA and VS Is Mediated by Common and Compound-Specific Molecular Mechanisms

The alterations observed in the expression of pro- and anti-inflammatory-associated genes and miRNAs, as well as the inability to mount an inflammatory response when facing an inflammatory stimulus in the microglia transduced with hSOD1G93A, led us to test two different compounds described as immunomodulators in glial cells (Fernandes et al., 2007; Falcão et al., 2017). Neither of them caused identifiable changes in cell viability (Supplementary Figure S3) and both were similarly efficient in decreasing the expression of genes associated to a pro-inflammatory response, such as TNF-α, IL-1β, HMGB1 and S100B (Figure 6A). Interestingly, we found that MMP-2 and MMP-9 activation was merely downregulated by VS in hSOD1G93A cells (Figure 6B), supporting its specificity over that of GUDCA to inhibit these pro-inflammatory mediators. This may have therapeutic relevance since the elevation of MMP-9/-2 expression was observed in the spinal cord of SOD1G93A mice (Fang et al., 2010), and that of MMP-9 in NSC-34 MNs overexpressing hSOD1G93A (Vaz et al., 2015). Though that both VS and GUDCA showed to reduce the expression of the anti-inflammatory associated genes Arg1 and SOCS1, only GUDCA significantly enhanced the expression of IL-10 mRNA (Figure 6C), revealing its potential to counteract inflammation whenever it is exacerbated. Unique potential therapeutic benefits of VS were also found for its ability in increasing the gene expression of MFG-E8 (Figure 6D), a protein that has been described as promoting microglia phagocytosis (Lei et al., 2013). Further studies should elucidate whether activation of RAGE and TLR-4 by GUDCA, as we here observed, will have benefits in restoring the immune response of hSOD1G93A cells. Additionally, both VS and GUDCA showed to be equally efficient in decreasing intracellular miR-155, while miR-21 was selectively enhanced by GUDCA and miR-146a by VS (Figure 7A), again reinforcing their action through distinct pathways. Sorting into exosomes was also different considering that GUDCA was again effective in sustaining dissemination of miR-155 and inflammation by exosomes released from hSOD1G93A cells. In addition, exosome-shuttling of miR-21, indicated to have protective effects against oxidative stress (Shi et al., 2018), merely occurred by VS treatment (Figure 7B).
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FIGURE 6. Pro-inflammatory markers in N9 hSOD1G93A microglia are downregulated by glycoursodeoxycholic acid (GUDCA) and dipeptidyl vinyl sulfone (VS), with GUDCA specifically upregulating IL-10, RAGE and TLR-4 genes, and VS promoting the increase of MFG-E8 and the decrease of MMP-2 and MMP-9 activation. N9 hSOD1G93A microglia were incubated with 50 μM of GUDCA or 10 μM of VS for 48 h. Cellular mRNA expression of pro-inflammatory markers (A), anti-inflammatory markers (C) and membrane surface receptors (D) was evaluated by qRT-PCR. (B) Activation of MMP-2 and MMP-9 was assessed by gelatin zymography assay. The intensity of the bands was quantified using computerized image analysis (Image LabTM software). Non-treated mutant cells were used as control and the dashed line represents average values. Results are mean (± SEM) from at least three independent experiments. *p < 0.05 and **p < 0.01 vs. N9 hSOD1G93A microglia; $p < 0.05 and $$p < 0.01 vs. N9 hSOD1G93A + GUDCA; one-way ANOVA (Bonferroni post hoc correction).
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FIGURE 7. Treatment of N9 hSOD1G93A microglia with glycoursodeoxycholic acid (GUDCA) and dipeptidil vinyl sulfone (VS) decreases miR-155, with GUDCA specifically upregulating miR-21 in cells, and VS promoting the increase of miR-146a in cells and of miR-21 in exosomes. After 48 h incubation of N9 hSOD1G93A microglia with 50 μM of GUDCA or 10 μM of VS, inflammatory microRNAs (miRNA, miR) in both cells (A) and exosomes (B) were analyzed by qRT-PCR. Non-treated mutant cells were used as control and the dashed line represents the average values. Results are mean (± SEM) from at least three independent experiments. *p < 0.05 and **p < 0.01 vs. N9 hSOD1G93A microglia; $p < 0.05 and $$p < 0.01 vs. N9 hSOD1G93A + GUDCA; one-way ANOVA (Bonferroni post hoc correction).



These novel data provide clear evidence of the beneficial contribution of VS and GUDCA as immunoregulatory compounds in the hSOD1G93A N9 microglia, by sharing similar modulatory properties, but overall by additionally counteracting distinct inflammatory signaling pathways.




DISCUSSION

The role of glial cells in neurodegenerative diseases, particularly in ALS, has been thoroughly investigated and discussed, with evidences that these cells are key contributors to the neuroinflammation processes and disease progression (Lasiene and Yamanaka, 2011). In this study, we focused on microglia since they have a deregulated inflammatory profile when expressing mutant SOD1 (Beers et al., 2006; Boillée et al., 2006). To create an ALS cellular model based in SOD1 mutations, we transduced the N9 microglia cell line in order to overexpress the hSOD1WT or hSOD1G93A gene. Although some studies have pointed that elevated and not physiological levels of SOD1WT may cause the neurodegeneration and disease onset in the SOD1 ALS mouse model (Wang et al., 2009; Afshar et al., 2017), the transduction process of WT and mutant hSOD1 in our cellular model did not cause any loss of cell viability. Furthermore, N9 hSOD1WT cells presented a higher viability when compared to N9 naïve cells, which may derive from the antioxidant properties of SOD1 protein, thus conferring increased resistance to cell death.

A study using the N9 microglia cell line demonstrated that SOD1 overexpression was able to decrease superoxide and NO production, as well as to attenuate the ability of activated microglia to induce toxicity in cultured neurons (Dimayuga et al., 2007). Here, we observed a decrease in the selected pro- and anti-inflammatory genes evaluated upon hSOD1WT expression, reflecting a deactivation process of the N9 microglia. The same was not observed in the case of hSOD1G93A overexpression, which led to heterogeneous activation and polarization of the cells. In fact, microglia isolated from the spinal cord of the mSOD1 model is characterized by an M1/M2 dichotomy (Chiu et al., 2013), but no clear information was provided regarding the cortical brain microglia (Righi et al., 1989), as the N9 model used in our study. In addition, a recent study showed that microglia activation leads to increased expression of pro-inflammatory genes that is accompanied by the expression of some anti-inflammatory genes, as well (Lively and Schlichter, 2018). Interestingly, when looking at the miRNA profile of transduced cells, miR-146a was only found increased in N9 hSOD1WT cells, which may determine the inhibition of the inflammatory response by targeting the NF-κB pathway with consequent downregulation of the alarmin S100B and the pro-inflammatory cytokines. Since NF-κB activation is necessary for the induction of several miRNAs, such as miR-125b and miR-21, this can explain the reduced levels of these miRNAs in N9 hSOD1WT cells. On the other hand, their downregulation in hSOD1G93A N9 microglia may reveal that cells became reactive and lose their ability to counteract an additional stress stimulus, considering the anti-inflammatory role of these miRNAs (Tili et al., 2007; Ma et al., 2011; Cardoso et al., 2016). In accordance with these findings, N9 hSOD1G93A cells revealed an overexpression of the RAGE receptor. Such result may derive from the activated inflammatory cascade subsequent to the binding of HMGB1 to RAGE, based on the elevated gene expression of such alarmin in these cells, with consequent increased expression of TNF-α, and IL-1β, as here observed by us. Indeed, increased expression of pro-inflammatory mediators in SOD1G93A mice has already been described (Hensley et al., 2006; Jeyachandran et al., 2015) and mutant SOD1G93A microglia was reported to be more neurotoxic than WT microglia, also due to the increased production of ROS and TNF-α pro-inflammatory cytokine (Liu et al., 2009). Additionally, WT and mutated SOD1 overexpression cause a decrease in Fizz1 and IL-10 expression genes, suggesting a delayed response of the transduced microglia toward repair mechanisms during neuroinflammation.

Furthermore, in the mutant SOD1 mouse model, as well as in fALS and sALS patients, miR-155 was found to be elevated and its targeting revealed to restore the dysfunctional microglia and to attenuate disease progression in the ALS mouse model (Koval et al., 2013; Butovsky et al., 2015; Cunha et al., 2018). In N9 hSOD1G93A microglia, despite the similar endogenous levels of miR-155 and miR-146a relatively to naïve cells, these miRNAs were found to be shuttled into exosomes, similarly to our previous observations on N9 microglia polarization by LPS (Cunha et al., 2016). Our findings in hSOD1G93A overexpressing cells highlight the exacerbated expression of inflammatory genes indicating that cells carrying such mutation are more reactive than the N9 hSOD1WT microglia, probably influencing the surrounding cells and contributing to an overall inflammatory environment. In accordance, gene expression analysis in exosomes from mutated cells also revealed that HMGB1 and SOD1 are transported as part of their cargo, together with miR-155 and miR-146a, contributing to the dissemination of inflammatory mediators and aggravating the neuroinflammation status. These results are supported by previous studies showing that mutant/misfolded SOD1 is released into exosomes and is propagated to different cells, while also inducing exosome formation and release from cells (Basso et al., 2013; Grad et al., 2014; Silverman et al., 2016). HMGB1 is described as being secreted either in apoptotic bodies (Bell et al., 2006; Buzas et al., 2014), or in cell-derived exosomes (Sheller-Miller et al., 2017), but never mentioned to be carried in microglia-derived exosomes, as we now report. Although MFG-E8 is not a typical pro-inflammatory mediator, activated microglia upregulate MFG-E8, which has been related with the phagocytosis of viable neurons (Fricker et al., 2012) and with the production of pro-inflammatory cytokines (Liu et al., 2013). However, MFG-E8 role appears to be dose-dependent, since it is also proposed that a high concentration of MFG-E8 blocks the binding between apoptotic cells and microglia/macrophages, thus leading to the inhibition of phagocytosis (Yamaguchi et al., 2008). This may indicate that, in an inflammatory state, in which these cells appear to be, N9 hSOD1G93A microglia can either cause neuronal death or be unable to restore the homeostatic balance, contributing to ALS pathogenesis.

Overexpression of hSOD1WT and hSOD1G93A, although useful to understand ALS underlying mechanisms, are not physiological models. In this sense, only the transduced cells with GFP stimulated with LPS reproduced the M1 polarization found in the naïve cells after 24 h treatment (Cunha et al., 2016), while a defective stimulation and depressed resolving capacity after LPS pro-inflammatory activation was found in the transduced N9 hSOD1WT and hSOD1G93A microglia. We may then hypothesize that these microglia may become inefficient protectors of the brain against endogenous damage and pathogens. Actually, when compared with the response of the naïve cells towards LPS, hSOD1WT and hSOD1G93A N9 microglia clearly revealed a decrease in the majority of pro- and anti-inflammatory mediators. Moreover, intracellular inflammatory-associated miRNAs were downregulated, including miR-155 and miR-146a, which are both involved in the NF-κB pathway, by being upregulated upon inflammatory stimulus, and by acting as a negative feedback regulator, respectively (Mann et al., 2017). Though SOD1 overexpression was indicated to reduce neurotoxic inflammatory signaling in microglia (Dimayuga et al., 2007), we could still observe an increased exosomal content in miR-155 meaning that immunomodulatory effects were conserved, a finding not observed in exosomes from the mutated N9 microglia. Instead, their enrichment in miR-125b was shown to account for decreased MN survival in ALS, once miR-125b was found to be neurotoxic and to be upregulated in the lumbar spinal cord of SOD1G93A mice (Parisi et al., 2016).

After concluding that hSOD1G93A N9 microglia show upregulated pro-inflammatory markers, downregulated resolving genes, and exosomal enriched cargo in HMGB1 and SOD1, we tested the immunoregulatory properties of GUDCA and VS in rescuing the dysfunctional phenotype of the mutated microglia towards a more neuroprotective one, based on previous results (Vaz et al., 2015; Falcão et al., 2017). Our data demonstrate that both GUDCA and VS promote inflammatory resolution leading to a reduction of TNF-α, IL-1β, HMGB1, S100B and miR-155 expression, corroborating their anti-inflammatory properties (Fernandes et al., 2007; Vaz et al., 2015; Ko et al., 2017) in other cells and disease models. Interestingly, we observed a significant increase of the anti-inflammatory cytokine IL-10, together with miR-21 and membrane receptors RAGE and TLR-4 only in GUDCA-treated cells. This is not without precedent, since GUDCA was demonstrated to inhibit the production of TNF-α and IL-1β in astroglial cells by preventing the maturation of these cytokines and their consequent release in an experimental model of jaundice, thus preventing astroglial reactivity (Fernandes et al., 2007). Also, miR-21 was reported to promote an anti-inflammatory response by increasing IL-10 production (Sheedy et al., 2010). In this way, GUDCA may be acting through the activation of the receptor TLR-4, leading to the expression of this miRNA that, consequently, promotes an anti-inflammatory response. The decrease of miR-155 encapsulation in exosomes by GUDCA may further concur to attenuate the stimulation produced by the hSOD1G93A overexpression in N9 cells. Regarding VS, similarly to what we observed in N9-microglia exposed to Aβ peptide (Falcão et al., 2017), this compound showed its anti-inflammatory properties by reducing miR-155, HMGB1 and IL-1β, as well as MMP-2 and MMP-9 activation. Additionally, VS increased the cellular expression of miR-146a and decreased that of miR-155, probably as a consequence of NF-κB pathway inhibition and its immunoregulatory properties (Su et al., 2016). Furthermore, VS significantly promoted the expression of MFG-E8 that drives microglia phagocytosis (Liu et al., 2013) and the shuttle of miR-21 into exosomes in hSOD1G93A N9 microglia, which was reported to negatively regulate the secondary inflammatory response of microglia (Wang et al., 2018) by acting in recipient cells. The inhibition of the pro-inflammatory response by miR-146a upregulation may also favor the specific downregulation of MMP-2 and MMP-9 (Könnecke and Bechmann, 2013), potentially resulting in the restoration of immune homeostasis and highlighting VS as a microglia-targeted candidate in ALS. We may then conclude that, although through different mechanisms of action, both GUDCA and VS show beneficial therapeutic properties for immunomodulation towards neuroprotection in ALS. Importantly, because each of the compounds showed specificity to unique microglia targets, that may open new possibilities to modulate precise microglia subtypes.

Overall, and as schematically represented in Figure 8, our findings clarify the importance of hSOD1WT in the host cell, by having calming and antioxidant effects. Besides inducing the expression of pro-inflammatory genes, hSOD1G93A protein decreased the expression of anti-inflammatory genes, thus increasing the reactivity of the cell. In addition, by decreasing microglia repairing ability in damaging conditions, the expression of the mutated protein may further contribute to compromised homeostatic balance and failure in neuroregenerative processes. Finally, we propose that GUDCA and VS are potential pharmacological approaches in single or combined therapeutic strategies for ALS, due to their multi-target effects and active microglia immunomodulation.


[image: image]

FIGURE 8. Schematic representation of the dysregulated inflammatory-associated mediators and immunomodulation benefits by GUDCA or VS in N9 cells transduced with hSOD1WT and hSOD1G93A protein. Overexpression of hSOD1WT causes a downregulation of pro- and anti-inflammatory genes in N9 cells and upregulation of miR-146a. In contrast, hSOD1G93A transduction causes increased gene expression of pro-inflammatory mediators, thus leading to an activated microglia population. Both transduced cells reveal a decrease of miR-125b and miR-21. To note that the release of exosomes containing miR-155 and miR-146a, as well as HMGB1 and SOD1 by N9 hSOD1G93A cells may determine the propagation of inflammation. Treatment with GUDCA or VS effectively modulates the gene expression of pro-inflammatory molecules, together with the increase of anti-inflammatory miRNAs. GUDCA increases IL-10 and cellular miR-21, with a substantial reduction of exosomal miR-155, while VS decreases MMP-2 and MMP-9 activation and determines the shuttle of miR-21 into exosomes. In sum, GUDCA and VS are relevant immunoregulators of the dysfunctional microglia in mutated superoxide dismutase 1 (mSOD1) ALS, and their differential target specificity may be envisaged as very promising to recover specific disease-related subtypes. GUDCA, glycoursodeoxycholic acid; HMGB1, high mobility group box protein 1; miR, microRNA; MMP, matrix metalloproteinase; SOD1, superoxide dismutase 1; VS, dipeptidyl vinyl sulfone.
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Insulin-like growth factor-1 (IGF-1) is a pleiotropic molecule with neurotrophic and immunomodulatory functions. Knowing the capacity of chronically activated microglia to produce IGF-1 may therefore show essential to promote beneficial microglial functions in Alzheimer’s disease (AD). Here, we investigated the expression of IGF-1 mRNA and IGF-1 along with the expression of tumor necrosis factor (TNF) mRNA, and the amyloid-β (Aβ) plaque load in the hippocampus of 3- to 24-month-old APPswe/PS1ΔE9 transgenic (Tg) and wild-type (WT) mice. As IGF-1, in particular, is implicated in neurogenesis we also monitored the proliferation of cells in the subgranular zone (sgz) of the dentate gyrus. We found that the Aβ plaque load reached its maximum in aged 21- and 24-month-old APPswe/PS1ΔE9 Tg mice, and that microglial reactivity and hippocampal IGF-1 and TNF mRNA levels were significantly elevated in aged APPswe/PS1ΔE9 Tg mice. The sgz cell proliferation decreased with age, regardless of genotype and increased IGF-1/TNF mRNA levels. Interestingly, IGF-1 mRNA was expressed in subsets of sgz cells, likely neuroblasts, and neurons in both genotypes, regardless of age, as well as in glial-like cells. By double in situ hybridization these were shown to be IGF1 mRNA+ CD11b mRNA+ cells, i.e., IGF-1 mRNA-expressing microglia. Quantification showed a 2-fold increase in the number of microglia and IGF-1 mRNA-expressing microglia in the molecular layer of the dentate gyrus in aged APPswe/PS1ΔE9 Tg mice. Double-immunofluorescence showed that IGF-1 was expressed in a subset of Aβ plaque-associated CD11b+ microglia and in several subsets of neurons. Exposure of primary murine microglia and BV2 cells to Aβ42 did not affect IGF-1 mRNA expression. IGF-1 mRNA levels remained constant in WT mice with aging, unlike TNF mRNA levels which increased with aging. In conclusion, our results suggest that the increased IGF-1 mRNA levels can be ascribed to a larger number of IGF-1 mRNA-expressing microglia in the aged APPswe/PS1ΔE9 Tg mice. The finding that subsets of microglia retain the capacity to express IGF-1 mRNA and IGF-1 in the aged APPswe/PS1ΔE9 Tg mice is encouraging, considering the beneficial therapeutic potential of modulating microglial production of IGF-1 in AD.
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INTRODUCTION

Alzheimer’s disease (AD) is an age-associated progressive neurodegenerative disease and the most common cause of dementia. Histopathological changes include accumulation of beta-amyloid (Aβ) in plaques and a chronic microglial reaction, that takes its onset years before a diagnosis can be made (Cagnin et al., 2001; Heneka et al., 2015, Heppner et al., 2015). Knowing microglial capacity to produce neurotrophic and immunomodulatory factors, such as the insulin-like growth factor-1 (IGF-1) (Fernandez and Torres-Alemán, 2012), as well as factors with potential deleterious functions, such as the pleiotrophic cytokine tumor necrosis factor (TNF) (Arnett et al., 2001; Lambertsen et al., 2009), is therefore essential to promote beneficial and ameliorate detrimental microglial functions. While it is well-known that microglia are a major source of TNF in transgenic mouse models of AD (Hickman et al., 2008; Minogue et al., 2014; Babcock et al., 2015), there is less information about microglia as a significant local source of IGF-1. To our knowledge, the first evidence of microglia being a source of IGF-1 in the adult CNS was the finding of a transient deafferentation-induced up-regulation of IGF-1 mRNA in the perforant pathway innervated parts of the dentate gyrus in young, adult rats which functionally was suggested to be involved in deafferentation-induced axonal sprouting (Guthrie et al., 1995). This up-regulation of IGF-1 mRNA was reported to be attenuated in aged rats (Woods et al., 1998).

IGF-1 is a member of the insulin gene family. It is a 70 amino acid long growth factor hormone with potent anabolic effects during development (Arroba et al., 2018). Deficiency in IGF-1 leads to microcephalus and mental retardation in the human (Woods et al., 1996). IGF-1 is transiently expressed in high levels in central projection neurons during development (Bondy, 1991; Bondy et al., 1992), consistent with an important role in brain development and neuroplasticity (Dyer et al., 2016). Additionally, an IGF-1 mRNA-expressing microglial subset was recently reported to support myelinogenesis during development (Wlodarczyk et al., 2017). IGF-1 binds with high affinity to the IGF-1 receptor (IGF-1R) as well as the insulin receptor (lower affinity), which are both tyrosine kinase receptors, sharing signaling molecules and trophic activities (Fernandez and Torres-Alemán, 2012). While the expression of IGF-1 declines with development, the IGF-1R, remains expressed at high level in the adult brain (Bondy et al., 1992).

Aβ plaque load has been shown to follow a sigmoidal path in the neocortex of both AD patients (Serrano-Pozo et al., 2011; Jack et al., 2013) and in the APPswe/PS1ΔE9 transgenic (Tg) mouse (Jankowsky et al., 2004; Babcock et al., 2015), eventually stabilizing and reaching a plateau. Whether the same phenomenon occurs in the hippocampus is unknown. Aβ plaques appear in the hippocampus during early stages of AD (Thal et al., 2002), especially within the target zone of the perforant pathway carrying information from the entorhinal cortex into the hippocampus (Hyman et al., 1986; Pooler et al., 2013). Unlike in normal aging, AD patients lose hippocampal CA1 neurons (West et al., 1994), and hippocampal atrophy is associated with the development of AD (Bobinski et al., 2000; Nelson et al., 2012; Huijbers et al., 2015). The hippocampus is also a site of neurogenesis, which involves proliferation of cells in the subgranular zone (sgz) of the dentate gyrus (Eriksson et al., 1998; Kempermann et al., 2004). Studies report both an increase (Jin et al., 2004) and a decrease (Ziabreva et al., 2006; Crews et al., 2010) in sgz cell proliferation in AD brains, indicating that neurogenesis may be deregulated. Contradictory results on sgz cell proliferation have also been reported in different transgenic mouse models of AD (Chuang, 2010). The APPswe/PS1ΔE9 Tg mouse, which develops Aβ plaques in the hippocampus from 3 months of age (Hamilton and Holscher, 2012), has been reported to have more pronounced loss of sgz cell proliferation with age than age-matched wild-type (WT) mice by some groups (Demars et al., 2010; Valero et al., 2011; Hamilton and Holscher, 2012). Results by us showed a reduced number of neuroblasts in the sgz of male 18-month-old APPswe/PS1ΔE9 Tg mice, while sgz cell proliferation was unaffected by genotype (Olesen et al., 2017).

Neurogenesis has been reported to be regulated by both systemic (Foster et al., 2011) and locally-produced IGF-1 (Anderson et al., 2002; Stranahan et al., 2009), and it is reduced during normal aging (Kuhn et al., 1996; Knoth et al., 2010; Spalding et al., 2013). In the case of TNF, small amounts of TNF have been shown to increase sgz cell proliferation, while higher TNF levels can induce apoptosis (Iosif et al., 2006). Decreased serum levels of IGF-1 (Ramsey et al., 2004; Sonntag et al., 2005; Duron et al., 2014), and increased serum levels of TNF in AD patients (Perry et al., 2001; Holmes et al., 2009; Swardfager et al., 2010), might potentially impair hippocampal neurogenesis and/or neuroblast survival and differentiation.

The APPswe/PS1ΔE9 Tg mouse exhibits changes in both the IGF-1 and TNF system (Zhang et al., 2013; Francois et al., 2014; Minogue et al., 2014; Babcock et al., 2015). Using this mouse model, we recently showed that TNF mRNA levels in the neocortex correlate to the age-dependent increase in Aβ plaque-load as well as aging, and additionally, that microglial production of TNF was functionally correlated to microglial uptake of Aβ (Babcock et al., 2015). We here expanded this study to include an investigation of the accumulation of Aβ plaques, microglial reactivity, and expression of IGF-1 mRNA and IGF-1 as well as TNF mRNA progression with age in the hippocampus of APPswe/PS1ΔE9 Tg mice. We additionally used double in situ hybridization (ISH) to investigate whether or not IGF-1 mRNA might co-localize to CD11b mRNA+ microglia, besides being expressed in neurons. Finally, we investigated how Aβ pathology and age affected proliferation of sgz cells in the neurogenic niche of the hippocampus. Our results show that a subset of microglia in the aging APPswe/PS1ΔE9 Tg mouse retain the capacity to express IGF-1 mRNA, suggesting that the increased IGF-1 mRNA levels in the aged APPswe/PS1ΔE9 Tg mice may be ascribed to microglia. This finding attracts attention to the perspectives of modulating microglial synthesis of IGF-1 in AD.



MATERIALS AND METHODS


Mice and Experimental Material

Female APPswe/PS1ΔE9 Tg mice that expressed humanized APP (Mo/HuAPP695sweK595N/M596L) and mutant human PS1ΔE9 in neurons (Jankowsky et al., 2004) and WT littermates were bred and maintained on a hybrid (C57BL/6 × C3H/HeN; B6C3) background. Additionally, three 24-26-month-old APPswe/PS1ΔE9 Tg and two 26-month-old WT littermate bred on a C57BL/6 background and two postnatal day 5 (P5) C57BL/6 pups were used for ISH and IGF-1 protein detection. All mice were housed and bred in the Biomedical Laboratory, University of Southern Denmark. APPswe/PS1ΔE9 Tg and WT mice on a hybrid background were perfused with phosphate-buffered saline (PBS) and analyzed at 3, 6, 9, 12, 15, 18, 21, and 24 months of age (n = 6–10 per group). Sections (20-μm-thick) were cut from fresh frozen left hemispheres, on a cryostat, and used for immunohistochemistry (IHC) and ISH. This experimental material was previously used to quantify changes in Aβ plaque load and TNF mRNA+ and interleukin-1β mRNA+ cells in the neocortex (Babcock et al., 2015). The hippocampus was dissected from the right hemisphere, and stored in Trizol at −80°C for polymerase chain reaction (qPCR) analysis. Additional mice used for ISH were euthanized by decapitation and the brains processed in 20-μm-thick cryostat sections. WT and APPswe/PS1ΔE9 Tg mice used for double immunofluorescence staining were perfused with Sorensen’s buffer, followed by 4% paraformaldehyde (PFA). After 2 h post-fixation in 4% PFA and overnight immersion in 20% sucrose, these brains were frozen in CO2 snow and cut as 20-μm-thick horizontal sections on a cryostat. The proliferation of sgz cells was evaluated in groups of 3-, 9-, and 15-month-old Tg and WT mice receiving 90 mg/kg BrdU i.p. at 2, 12, and 22 h prior to PBS-perfusion (n = 6–8 per group). Hippocampi were isolated, immersion-fixed in 4% PFA, followed by 1% PFA and 20% sucrose in each solution overnight at 4°C, and then frozen in CO2 snow. Hippocampi were cut into 30-μm-thick cryostat sections. Experiments were conducted according to permission from the Danish Ethical Animal Care Committee (Permissions no. 2011/562-67 and 2011/561-1950).



Primary Microglia and Microglial BV2 Cells

Primary murine microglia were cultured and isolated as described in Thygesen et al. (2018). Primary microglia were harvested from mixed glia cultures and plated in 24-well culture plates at a density of 1.5 × 105 cells/mL. The BV2 murine microglial cell line was kindly provided by Jan Thorleif Pedersen, Lundbeck A/S, Denmark. Cells were grown in Dulbecco’s modified eagle medium, 10% fetal bovine serum (FBS), 1% penicillin/glutamine/streptomycin in 5% CO2 at 37°C and plated in 24-well culture plates at a density of 0.75 × 105 cells/mL. After plating, cells were allowed to settle for 24 h after which they were stimulated with 1 μM Aβ42 (Anaspec) for 24 h in 5% CO2 at 37°C. The Aβ42 peptide solution was prepared according to Stine et al. (2003). Briefly, a lyophilized peptide stock of 0.1 mg was dissolved in dimethyl sulfoxide to a final concentration of 5 mM and diluted to 100 μM in Dulbecco’s modified eagle medium, 10% FBS, 1% penicillin/glutamine/streptomycin, and left 24 h at 37°C to allow peptide aggregation prior to cell stimulation.



Immunohistochemistry (IHC) and Immunofluorescence Staining


Antibodies and Isotype Controls

Biotinylated mouse anti-human Aβ1–16, (clone 6e10, Covance), rat anti-mouse CD11b (clone 5C6, Serotec), rat anti-BrdU (clone BU1/75 (ICR1), Abcam), and rabbit anti-IGF-1 (ab9572, Abcam) were used as primary antibodies. Biotinylated goat anti-rat IgG (GE Healthcare United Kingdom limited) and biotinylated goat anti-rat IgG (Thermo) were used as secondary antibodies for BrdU and CD11b IHC, respectively, while an alkaline phosphatase (AP)-conjugated goat-anti rabbit antibody was used for IGF-1 (Sigma, A3812) IHC. Horseradish peroxidase-conjugated streptavidin (HRP-SA) (Dako) was applied after biotinylated antibodies were bound. Biotinylated mouse IgG1 (Caltag), rat IgG2b (Biosite), rat IgG2a (BioLegend), and rabbit IgG (DAKO) were used as isotype or IgG controls.



BrdU-Pretreatment

Sections from immersion-fixed hippocampi were stained for BrdU. After post-fixing sections for 10 min in 4% PFA, sections were rinsed with 2 × saline sodium citrate (2 × SSC) and 49% formamide in tris-buffered saline (TBS) for 2 h at 60°C. Sections were then rinsed with 2 × SSC at 60°C for 2 h and incubated with 2N HCl for 2 h at 37°C. Finally, sections were rinsed with 0.1 M sodium borate buffer (pH = 8.5) for 10 min, before proceeding with the IHC protocol.



Protocol Aβ, CD11b, and BrdU

IHC was performed as previously described (Babcock et al., 2015). All sections were acclimatized for 30 min at room temperature (RT). Fresh frozen sections to be stained for CD11b were fixed in 4% buffered formalin (pH 7.0) for 2 min, then immersed in 50% acetone, 100% acetone, and 50% acetone for 2 min in each solution, and for Aβ, sections were fixed in 4% PFA overnight. All sections for Aβ, CD11b and BrdU IHC were then rinsed with TBS and TBS + 1% Triton X-100. Non-specific binding was blocked by incubation in TBS containing 10% FBS for 30 min. Primary antibodies or isotype controls were prepared in TBS with 10% FBS and applied for 1 h at RT, followed by 4°C overnight. After acclimatization and rinsing in TBS, endogenous peroxidase was blocked in sections prepared for Aβ and CD11b IHC using 10% methanol and 10% H2O2 in TBS for 10 min. After rinsing in TBS, secondary antibodies for CD11b and BrdU staining were added for 1 h at RT in TBS containing 10% FBS. SA-conjugated horseradish peroxidase diluted in TBS containing 10% FBS (1:200) was added for 1 h at RT, and then sections were rinsed in TBS and developed with 0.05% diaminobenzidine (DAB) in TBS containing 0.01% H2O2. Sections were further rinsed in TBS, dehydrated in graded ethanol, cleared in xylene, and coverslipped with Depex mounting medium. BrdU-stained sections and a parallel series of sections were stained with Toluidine blue (pH 7.4), and rinsed three times with H2O before dehydration and mounting. No staining was observed in sections stained with isotype controls (data not shown).



IHC for IGF-1

IHC for IGF-1 was performed as described for TNF in Lambertsen et al. (2001), however, sections were fixed in 4% PFA overnight, or as described above for CD11b, by use of an AP-conjugated secondary antibody.



Immunofluorescence

Immunofluorescence staining was performed in tissue sections from PFA-perfused mice, using a combination of antibodies directed against Aβ (clone 6e10) and CD11b (clone 5C6). The staining procedure was largely as described for IHC (section “Protocol Aβ, CD11b, and BrdU”), except that primary antibodies were applied in combination and steps to block endogenous peroxidase activity were omitted. The bound primary antibodies were detected by incubating sections with SA-TRITC (AbDSerotec) and AlexaFluor488-labeled goat-anti rat IgG (Invitrogen) simultaneously. Sections were kept in the dark after application of secondary reagents. Sections incubated with isotype controls (biotinylated mouse IgG1 (Caltag) or rat IgG2b (Biosite) instead of primary antibodies, showed no staining (data not shown). Immunofluorescence for IGF-1 and CD11b (clone 5C6) was performed on fresh frozen tissue sections from 24-month-old APPswe/PS1ΔE9 (n = 2) and 26-month-old WT (n = 1) mice. Sections were brought to RT for 30 min, fixed as described for CD11b, and dried 60 min at RT. The staining was performed as described above, however, using AlexaFluor488-labeled goat-anti rabbit IgG (Invitrogen) and AlexaFluor568 goat-anti rat IgG (Invitrogen) simultaneously as secondary reagents. Specificity was controlled by substitution of the primary antibodies with rabbit IgG and isotype and rat IgG2b. Sections were mounted with DAKO fluorescence mounting medium. Immunofluorescence images were captured with an Olympus BX63 upright, automated fluorescence microscope installed with an Olympus DP80 camera, X-cite 120LED system with the following filter cubes (U-FBNA FL Ex.BP470- 495 Em.BA510-550, U-FGNA FL Ex.BP540-550 EM.BA575-625, U-FMCHE FL Ex.BP 565-585 Em.BA600-690, and U-FUNA FL Ex.BP360-370 EmBA420-460), and objectives (UPLSAPO2 10X/0.4, UPLSAPO2 40X/0.95, PLAPON0 60X/1.42, and UPLSAPO 100X/1.4), using the CellSens Software (Thygesen et al., 2018).




Estimation of % Aβ Plaque Load and Measurement of Hippocampal Volume


% Aβ Plaque Load

The % Aβ plaque load was quantified by estimating the area of the hippocampus covered by Aβ plaques using unbiased stereological principles. This was carried out using the same Aβ-stained sections previously used for quantifying neocortical Aβ plaque load (Babcock et al., 2015). All Aβ plaques were counted by the same person (CM) using an Olympus BX 50-microscope (Olympus, Germany) fitted with a U-PMTVC Japan color camera (Olympus, Germany), a Proscan Prior motorized specimen stage, and a Heidenhain MT12 microcator connected to a PC installed with the CAST-2 Software (Visiopharm, Denmark). The hippocampus in the left hemisphere was delineated in Aβ-stained sections using anatomical borders. After delineation, the software determined the area of the hippocampus that was used for the sampling (AHC). We used a point-counting method with a 286.5 μm × 216 μm frame and 36-crosses, each corresponding to an area of 1,714.5 μm2, which produced an acceptable coefficient of error (CE) of <0.10 in a 9-month-old APPswe/PS1ΔE9 Tg mouse with moderate Aβ plaque formation. Only Aβ plaques marked by a counting cross in the hippocampus were counted. Counting was carried out systematically in 5–8 sections per mouse. The percentage of hippocampus covered by plaques, % Aβ plaque load, was calculated as previously described (Babcock et al., 2015). The CE for individual mice and the average CE for each age group were calculated as outlined in West et al. (1996). The coefficient of variation, CV, is calculated as SD/Mean. CV and average CE are shown in Supplementary Table S1 for each age group.



Hippocampal Volume Estimation

We estimated the volume of the left hippocampus based on the hippocampal areas (AHC) delineated during Aβ quantification (section “% Aβ Plaque Load”). For each mouse, hippocampal volume (VHC) was determined using volumetric principles, based on typically four systematically sampled sections, and was calculated using the following equation: VHC = AHC× d, where AHC is the area of the hippocampus (see section “% Aβ Plaque Load”) and d is the distance between sections (960 μm). The CV (SD/mean) values for individual age groups are included in Supplementary Table S1.




qPCR

RNA was isolated using the Trizol method and then converted into cDNA (Babcock et al., 2006; Wirenfeldt et al., 2007). The quantitative PCR (qPCR) reaction was carried out in triplicate in 96-well plates using an Applied Biosystems PRISM 7300 Real time PCR machine (Babcock et al., 2006). Primer and probe sequences used were: for HPRT (F′ GTT AAG CAG TAC AGC CCC AAA ATG, R′ AAA TCC AAC AAA GTC TGG CCT GTA and probe: Fam-AGC TTG CTG GTG AAA AGG ACC TCT CGA AGT); GAPDH (F′ TGT CAA GCT CAT TTC CTG GTA TGA, R′ CTT ACT CCT TGG AGG CCA TGT AG and probe: FAM-TCC ACC ACC CTG TTG CTG TAG CCG); TNF (F′ TGG CCT CCC TCT CAT CAG TTC, R′ CCA CTT GGT GGT TTG CTA CGA and probe: 5′-FAM-TGG CCC AGA CCC TCA CAC TCA GAT CAT C) (Fenger et al., 2006; Meldgaard et al., 2006); IGF-1 (F′ CCG AGG GGC TTT TAC TTC AAC AA, R′CGG AAG CAA CAC TCA TCC ACA A); and brain-derived neurotrophic factor (BDNF) (F′ GGC CCA ACG AAG AAA ACC AT, R′ AGC ATC ACC CGG GAA GTG T). Maxima Probe Master (Fermentas) was used as master mix for TaqMan qPCR (TNF, HPRT, GAPDH) and Maxima Sybr Green Master (Fermentas) as master mix for Sybr Green qPCR (IGF-1, BDNF). In the case of the hippocampal tissue, the qPCR results were calibrated relative to spleen cDNA and were normalized using HPRT, which is stably expressed in mice under pathological conditions in brain tissue (Meldgaard et al., 2006). In the case of the in vitro experiments, RNA was isolated with the RNeasy mini kit and the qPCR results were normalized using two reference genes (GAPDH and HPRT), as done in Thygesen et al. (2018). The relative qPCR values on the hippocampal data are shown as fold-increases versus the 3-month-old WT group, on primary microglia as fold-increases compared to whole neocortex, and as Aβ-stimulated versus un-stimulated cells.



ISH


AP-Labeled Probes and Controls

ISH was performed on fresh frozen cryostat sections using a de novo synthesized AP-labeled oligo DNA probe specific for IGF-1 mRNA (5′/AP/CCC CTC GGT CCA CAC ACG AAC TGA AGA) or a mixture of two AP-labeled oligo DNA probes specific for TNF mRNA (5′/AP/CG TAG TCG GGG CAG CCT TGT CCC TTG AA and 5′/AP/CT TCT CAT CCC TTT GGG GAC CGA TCA CC) (Gregersen et al., 2000; Lambertsen et al., 2009; Babcock et al., 2015). The IGF-1 probe was designed in Oligo v. 6 to target both IGF-1 isoforms and with sequence specificity verified by BLAST. No specific signal was detected for either system when a series of negative controls was performed. This included pre-treatment of sections with RNAse prior to hybridization in order to control for binding to RNA, hybridization with 100-fold excess of unlabelled probe to control for non-specific binding of the AP-linker arm, and buffer controls (Clausen et al., 2013). A probe for GAPDH mRNA was included as a control for the ISH procedure and to know the tissue quality.


ISH protocol

Fresh frozen sections were dried at 55°C for 10 min, then dehydrated in 96% Ethanol for 3 h at RT and dried 1 h at RT. Probes mixed in hybridization buffer were applied to sections with coverslips and allowed to hybridize overnight in a dark hybridization chamber at 37°C. Sections were rinsed three times 30 min with 1 × SSC (pH = 9.5) in 55°C preheated holders and rinsed twice with Tris–HCL buffer for 10 min at RT. Sections were developed with Nitro blue tetrazolium (NBT) + 5-bromo-4-chloro-3-indolyl-phosphate (BCIP), for 3 days in the dark at RT. The sections were rinsed in 25°C distilled water for 1 h to stop development, and then mounted with Aquatex.




Double-ISH

ViewRNA Tissue Assay Kit (Affymetrix) and probes specific for IGF-1 mRNA (VB1-20972 (Probe 1-AP)) and CD11b (Itgam) mRNA (VB6-15396 (Probe 6-AP)) (Affymetrix) were used for co-expression analysis which, with smaller modifications, was performed according to the QuantiGene ViewRNA ISH Tissue 2-Plex Assay Protocol by Affymetrix as described in Grebing et al. (2016). After ISH the sections were counterstained with hematoxylin (Sigma-Aldrich), rinsed in tap water three times, dried for 1 h and coverslipped in Ultramount (Dako).




Counting of BrdU+ Cells

BrdU+ cells were systematically counted in every 10th section of the hippocampus (typically 12–18 sections per mouse), using an Olympus BX 41-microscope (Olympus, Denmark) equipped with a 20 × objective. BrdU+ cells were only counted if their nucleus was located in the sgz. The total number of sections containing the hippocampus was determined in a parallel series of Toluidine Blue-stained sections. Data are presented as the mean number of BrdU+ cells per hippocampal section.



Counting of IGF-1 mRNA+ CD11b mRNA+ Cells

All hematoxylin-stained nuclei were counted manually in the region of interest (ROI) which was either the lateral or medial blade of the molecular layer in the dentate gyrus, together with all CD11b mRNA+ and/or IGF-1 mRNA+ cells. Quantification was performed in 5 hippocampi in three sections from 3 Tg mice and 3 hippocampi in two sections from 2 WT mice by the use of a 40 × high numerical objective (NA 0.95) and an Olympus BX41 microscope. For a cell to be counted as an either IGF-1 or CD11b mRNA+ cell, or as an IGF-1 mRNA+ CD11b mRNA+ cell, the cell defined by its hematoxylin-stained nucleus, should display one or more red and/or blue puncta, each puncta reflecting the presence of an IGF-1 or CD11b mRNA molecule. To calculate the cellular density the area within which the cells were counted was measured using a microscope Olympus DP80 Dual Color Monochrome CCD camera mounted on a motorized BX63 Olympus microscope and the Olympus CellSens software.



Statistics

Data are presented graphically with indication of the medians and 25 and 75% quartiles. All statistical analyses were performed using Prism (GraphPad Software, version 6). The % Aβ plaque load and volumetric data were analyzed by Kruskal–Wallis test followed by Dunn’s multiple comparison test, and with linear regression and Boltzmann sigmoidal curve fitting. qPCR and BrdU data were analyzed by Kruskal–Wallis test followed by Dunn’s multiple comparison test. Pearson correlation was performed to investigate relationships between Aβ plaque load, age, and cytokine mRNA levels. Mann–Whitney test was used for comparisons of two groups. Statistically significant differences are indicated as p < 0.05*, p < 0.01∗∗, p < 0.001∗∗∗, and p < 0.0001*⁣*⁣**.




RESULTS


Aβ Plaque Load Follows a Sigmoidal Trajectory in the Hippocampus With Age

We first examined the accumulation of Aβ plaques in the hippocampus of APPswe/PS1ΔE9 Tg mice with age. We visualized Aβ plaques in 3-, 6-, 9-, 12-, 15-, 18-, 21-, and 24-month-old mice using IHC (Figure 1A). Very few Aβ plaques were observed in the hippocampus at 3 months of age. At 6 months of age, Aβ plaques were observed in the molecular layer of the dentate gyrus, with most Aβ plaques located in the terminal area of the perforant pathway, and essentially no Aβ plaques in the dentate hilus or stratum radiatum of the hippocampus proper (Figure 1A). From 9 and 12 months of age, Aβ plaques increased moderately, remaining most frequent in areas innervated by the perforant pathway, with still very few Aβ plaques in the hilus. In the oldest mice, Aβ plaques were found in all hippocampal regions (Figure 1A). To quantify % Aβ plaque load in the entire hippocampus, we used unbiased stereology. Stereological point-counting confirmed our observations of an age-dependent increase in Aβ plaque load (Kruskal–Wallis test, P < 0.0001) (Figure 1B). The largest increase in % Aβ plaque load occurred between 12 and 15 months of age, increasing from 2.2 to 4.5% of the hippocampus now covered by Aβ plaques. The maximal % Aβ plaque load was 6% at 21 and 24 months. A sigmoidal trajectory in % Aβ plaque load was determined using non-linear regression (R2 = 0.86, Figure 1B), which is consistent with observations in the neocortex in both AD (Serrano-Pozo et al., 2011; Jack et al., 2013) and APPswe/PS1ΔE9 Tg mice (Babcock et al., 2015). Statistically significant increases in % Aβ plaque load were observed from 15 months of age, compared to 3-month-old mice (Figure 1B, asterisks). No significant differences in hippocampal volume were observed in Tg mice between 3 to 24 months of age (Figure 1C). As expected, no Aβ plaques were observed in WT mice at any age (data not shown).
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FIGURE 1. % Aβ plaque load follows a sigmoidal trajectory with age in the hippocampus of APPswe/PS1ΔE9 Tg mice. (A) IHC staining for Aβ shows an age-dependent increase in Aβ plaques in the hippocampus of Tg mice. Initially plaques become abundant in the perforant pathway innervated parts or the hippocampus. CA1, CA3, regio superior and inferior hippocampus, respectively; DG, dentate gyrus; h, hilus; ml, molecular layer; r, stratum radiatum. Scale bar: 100 μm. (B,C) Stereological quantification showing that hippocampal % Aβ plaque load increases significantly from 15 months of age and follows a sigmoidal trajectory, based on non-linear regression analyses (B), whereas hippocampal volume is not significantly changed with age in Tg mice (C). 95% confidence intervals are included. Data points show medians and 25 and 75% quartiles for each group [n = 6/group except for n = 4 for 15-month-old mice in (B), and n = 5 or 6/group except for n = 4 for 15-month-old mice and n = 3 for 24-month-old mice in (C)]. Asterisks represent statistically significant increases in % Aβ plaque load versus 3-month-old mice as determined by Dunn’s test. *p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.





Microglia Accumulate at Aβ Plaques in the Hippocampus of APPswe/PS1ΔE9 Tg Mice

We next analyzed changes in microglial reactivity. The IHC staining for the microglial surface β-integrin CD11b was homogeneously distributed in the hippocampus of WT mice, reflecting an even distribution of microglia even in 24-month-old mice (Figures 2A–C). In contrast, changes in microglial CD11b immunoreactivity were readily apparent in the hippocampus in APPswe/PS1ΔE9 Tg mice (Figure 2A). Aggregates of CD11b+ microglia were clearly visible in the hippocampus of Tg mice at 6 months and were more numerous at 12, 18, and 24 months (Figure 2A). These aggregates seemed to coincide temporally with the appearance of Aβ plaques (Figure 1A), initially forming in areas innervated by the perforant pathway before becoming prominent in the dentate hilus and other hippocampal regions in aged APPswe/PS1ΔE9 Tg mice (Figure 2A). In double-stained sections, CD11b aggregates in these regions overlapped with Aβ plaques (Figure 2B), with microglia clustering around Aβ plaques (Figure 2C), as also reported for microglia in the neocortex of the same mice (Babcock et al., 2015).
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FIGURE 2. Altered microglial distribution in the hippocampus of APPswe/PS1ΔE9 Tg mice. (A) Low magnification panels show changes in CD11b immunoreactivity in the hippocampus of 6-, 12-, 18-, and 24-month-old Tg mice. The hippocampus from 12- and 24-month-old WT mice is shown for comparison. (B,C) Combined immunofluorescence staining for CD11b and Aβ shows increased CD11b immunoreactivity near Aβ plaques in low magnification images from 18-month-old Tg mice (B). No plaques are observed in age-matched WT mice (B). Arrowheads in (C) point to CD11b+ microglia. Microglial cells are clustered around Aβ plaques in Tg mice, but not in WT mice. The photomicrographs in (C) were both obtained in the dentate molecular layer. DG, dentate gyrus. Scale bars: 200 μm (A,B), 500 μm (C).





IGF-1 mRNA Levels Increase With Age in the Hippocampus of APPswe/PS1ΔE9 Tg Mice

To assess the expression of IGF-1 mRNA relative to age and genotype, we examined IGF-1 mRNA levels in contralateral hippocampi from the 3- to 24-month-old APPswe/PS1ΔE9 Tg mice used for Aβ plaque load estimation, and from age-matched WT mice. We detected significant, but less than 2-fold increases in IGF-1 mRNA levels in 15- and 24-month-old Tg mice compared to young, 3-month-old Tg mice (Kruskal–Wallis test, P < 0.05, both age groups) (Figure 3A). In the APPswe/PS1ΔE9 Tg mice the 15-month-old mice showed significantly higher IGF-1 mRNA levels compared to age-matched WT mice (Dunn’s test, P < 0.05, both age groups) (Figure 3A). In accordance with these results, IGF-1 mRNA levels were significantly correlated with % Aβ plaque load (r = 0.56, P < 0.0001) and age (r = 0.54, P < 0.001) in Tg mice, while no correlation to age was observed in the WT mice (Table 1). In conclusion, the aging APPswe/PS1ΔE9 Tg mice showed a significant increase in IGF-1 mRNA levels, which correlated to the age-dependent increase in % Aβ plaque load in these mice.
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FIGURE 3. IGF-1 and TNF mRNA levels are elevated in the hippocampus of aging APPswe/PS1ΔE9 Tg mice. (A) Quantitative PCR analysis shows significantly increased hippocampal IGF-1 mRNA levels with age in Tg mice (gray bars), but not WT mice (white bars). Bars represent medians with 25 and 75% quartiles (n = 6–10 per group, except for n = 4 for 18-month-old Tg mice). (B) Quantitative PCR analysis shows significantly increased TNF mRNA levels with age in the hippocampus of both Tg mice (gray bars) and WT mice (white bars). Bars represent medians with 25 and 75% quartiles (n = 6–10 per group). *p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗p < 0.0001, based on Kruskal–Wallis test followed by Dunn’s multiple comparison test.



TABLE 1. Pearson correlations between cytokine mRNA levels, and age and % Aβ plaque load, in the hippocampus of 3–24-month-old WT and APPswe/PS1ΔE9 Tg mice.

[image: image]



TNF mRNA Levels Increase With Age in the Hippocampus of APPswe/PS1ΔE9 Tg and WT Mice

Next, we assessed whether and how hippocampal TNF mRNA levels might change relative to age and genotype (Figure 3B). We detected significant, up to 3–4-fold increases in TNF mRNA levels in 21- and 24-month-old WT mice compared to young, 3-month-old WT mice (Kruskal–Wallis test, P < 0.01, both age groups) (Figure 3B). In APPswe/PS1ΔE9 Tg mice, TNF mRNA levels showed a 7–8-fold increase at 21 and 24 months, compared to 3-month-old Tg mice (Kruskal–Wallis test, P < 0.01 and P < 0.001, respectively) (Figure 3B). Due to the age-associated increases in TNF mRNA levels also in the WT mice, TNF mRNA levels were maximally 2.5-fold higher in Tg mice compared to WT mice at a given age (Figure 3B). In the APPswe/PS1ΔE9 Tg mice the 15- and 24-month-old mice showed significantly higher TNF mRNA levels compared to age-matched WT mice (Dunn’s test, P < 0.01, both age groups) (Figure 3B). As suggested by these results, TNF mRNA levels across all mouse groups correlated to both the % Aβ plaque load (r = 0.63, P < 0.0001) as well as age (r = 0.73, P < 0.0001) in APPswe/PS1ΔE9 Tg mice (Table 1), and to age in WT mice (r = 0.68, P < 0.0001). Having previously shown rare TNF mRNA+ cells in the neocortex of the same mice (Babcock et al., 2015), we also analyzed the expression of TNF mRNA in the hippocampus. TNF mRNA+ cells were scarce even in the 24-month-old WT and APPswe/PS1ΔE9 Tg mice (Supplementary Figure S1). TNF mRNA+ cells were observed in all hippocampal subregions, regardless of age and genotype (data not shown).



Cellular and Regional Expression of IGF-1 mRNA in the Hippocampus of APPswe/PS1ΔE9 Tg Mice

To know the distribution and the source of the IGF-1 mRNA-expressing cells, we next hybridized sections parallel to those used for Aβ plaque load estimation using an AP-conjugated probe specific for IGF-1 mRNA. We observed numerous IGF-1 mRNA+ neuronal-like cells throughout the hippocampus of the adult and aging APPswe/PS1ΔE9 Tg and WT mice, with predilection to the sgz, defining the border between the granule cell layer and the dentate hilus (Figure 4A). IGF-1 mRNA+ neuronal-like cells were also relatively abundant in the stratum radiatum of CA3 and CA1 (data not shown). Besides the neuronal-like cells, a more widespread punctuate staining was observed in the neural tissue, corresponding to a low baseline expression of IGF-1 mRNA by both neurons and glia (data not shown). Despite of the increased microglial reactivity in the Tg mice (Figures 2A,B), we observed no clear differences in ISH signal between Tg and WT mice using the AP-conjugated probe (Figure 4A). Therefore the expression level of IGF-1 mRNA was also analyzed in primary murine microglia from C57BL/6 mice by use of qPCR. The mRNA levels of IGF-1 and CD11b were determined relative to the expression level in neocortex of 3-month-old C57BL/6 mice. IGF-1 and CD11b mRNA levels were respectively, 3- and 2-fold higher in primary microglia compared to whole neocortex tissue (Figure 4B).
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FIGURE 4. IGF-1 mRNA is expressed in microglia as well as neurons in APPswe/PS1ΔE9 Tg mice. (A) ISH showing IGF-1 mRNA+ cells in the hippocampus of 3- and 15-month-old WT and Tg mice. ISH was performed with AP-conjugated probes. The only clearly visible cells are sgz cells bordering the granular cell layer (arrows) and scattered neurons in the dentate hilus and stratum radiatum of CA3. (B) Scatter-plot showing IGF-1 and CD11b mRNA levels in primary microglia relative to Ncx samples from 3-month-old C57BL/6 mice. Each data point represents one microglial culture from the same experiment. The horizontal bar represents the median. Both genes are more abundantly expressed in primary microglia than in whole Ncx tissue. (C,D) View-RNA double ISH for IGF-1 mRNA (red) and CD11b mRNA (blue) in approx. two-year-old WT and Tg mice. Arrows in (C) point at sgz cells expressing IGF-1 mRNA, as also observed in (A). High magnifications in (D) show single cells expressing IGF-1 mRNA and/or CD11b mRNA in a WT mouse (top panels) and in a Tg mouse (bottom panel). Note the amorphous material in the bottom panel reflecting the presence of an amyloid plaque. (E) Scatter-plot showing the number of IGF-1 mRNA+, CD11b mRNA+, and IGF mRNA-expressing CD11b mRNA+ microglia in WT and Tg mice. Bars represent medians (B,E) with 25 and 75% quartiles (E). CA3, regio inferior hippocampus; DG, dentate gyrus; h, hilus; g, granule cell layer; ml, molecular layer; o, stratum oriens; p, pyramidal cell layer; and r, stratum radiatum. *p < 0.05, Mann–Whitney, unpaired, and two-tailed. Scale bars: 100 μm (A,C), 20 μm (D).



Next, we hybridized tissues from P5 mouse pups, which are known to contain high numbers of IGF-1 mRNA-expressing microglia (Hammond et al., 2019), showing a predilection to locate in the developing corpus callosum (Wlodarczyk et al., 2017), which was confirmed by our ISH (Supplementary Figure S2A). With their round nuclei these cells ressembled amoeboid microglia (Dalmau et al., 2003). IGF-1 mRNA was also expressed in amoeboid-like cells in the developing angular bundle (Supplementary Figure S2A), and in cells with a neuronal morphology, which were observed throughout the hippocampus, including the stratum radiatum of CA3 and CA1 and the sgz in the dentate gyrus (Supplementary Figure S2A). Additionally, the cerebellar Purkinje cells expressed high levels IGF-1 mRNA (data not shown). Compared to the hybridized sections, sections pre-treated with RNAse A prior to hybridization or hybridized with an excess of unlabelled probe (competition control) were devoid of signal (Supplementary Figure S2B).

In combination, the detection of high levels of IGF-1 mRNA in primary microglia and the in situ detection of IGF-1 mRNA in amoeboid-like microglia in developing white matter raised the possibility that we might also be able to detect IGF-1 mRNA in activated microglia in the aged APPswe/PS1ΔE9 Tg mice.



More Microglia Express IGF-1 mRNA in the Dentate Molecular Layer in Aged APPswe/PS1ΔE9 Tg Than WT Mice

We then investigated if the increased levels of IGF-1 mRNA in the hippocampus of the aged APPswe/PS1ΔE9 Tg mice might be ascribed to microglia expressing IGF-1 mRNA. We therefore tried to co-localize IGF-1 mRNA to CD11b mRNA+ microglia in aged Tg mice and WT mice (n = 2–3/group) using the sensitive View-RNA ISH technique (Grebing et al., 2016). As expected, neuronal-like IGF-1 mRNA+ sgz cells were readily observed in overview images of the dentate gyrus (Figure 4C). High magnification images, showed co-localization of IGF-1 mRNA to CD11b mRNA+ microglia in both WT and Tg mice (Figure 4D). Quantitative analysis showed that the density of IGF-1 mRNA+ CD11b mRNA+ microglia was higher in hippocampi from Tg compared to WT mice (Figure 4E and Supplementary Table S2). Since the number of CD11b mRNA+ microglia was also higher (Figure 4E), the percentage of IGF-1 mRNA+ microglia was comparable in Tg and WT mice (15.9% and 14.5%, respectively). Taken together, this suggest that the increased levels of IGF-1 mRNA in the aged APPswe/PS1ΔE9 Tg mice can be attributed to an increased number of IGF-1 mRNA+ microglia in these mice.



IGF-1 Immunoreactivity Is Abundant in Neurons and Can Be Detected in Microglia in Aged APPswe/PS1ΔE9 Tg Mice

To examine whether Aβ plaque-associated microglia produce IGF-1 protein in the aged APPswe/PS1ΔE9 Tg mice, we next stained sections parallel to those used for co-expression analysis for IGF-1 mRNA and CD11b mRNA by IHC for IGF-1. IGF-1 immunoreactivity was abundant in subsets of neurons in the hippocampal formation (Figures 5A–C), especially in layer II of the entorhinal cortex (Figure 5C), and in fiber-like structures in the CA3 pyramidal cell layer (Figures 5A–C). IGF-1 immunoreactivity was also observed in scattered neurons in the dentate hilus (Figure 5B) and in the neocortex (data not shown), and it was abundant in the Purkinje cells in the cerebellum (Supplementary Figure 3A). In addition to the neuronal IGF-1 immunoreactivity, an Aβ plaque-associated punctuate IGF-1 immunoreactivity was observed in the Tg mice (Figure 5D). This type of IGF-1 immunoreactivity was most abundant in the entorhinal cortex and in neocortex, but could also be seen in the dentate gyrus (Figure 5D). Frequently, IGF-1 immunoreactivity was also observed on fiber-like structures in association with the plaques (data not shown). Importantly, substitution of the primary antibody with inert rabbit IgG abolished all staining (Figure 5D and Supplementary Figure S3B).
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FIGURE 5. IGF-1 is expressed in neurons and a subset of microglia in APPswe/PS1ΔE9 Tg mice. (A–C) IHC of sections from 24-month-old APPswe/PS1ΔE9 Tg and 26-month-old WT mice showing IGF-1 immunoreactivity in the hippocampal formation (A) and dentate gyrus (B), with higher magnification of neurons in the entorhinal cortex and fiber-like structures in CA3 (C). (D) High magnifications from Tg mice showing amyloid plaque-associated punctuate IGF-1 immunoreactivity in dentate gyrus, entorhinal cortex, and neocortex. Substitution control performed with inert rabbit IgG showed no staining. CA3, regio inferior hippocampus; DG, dentate gyrus; EC, entorhinal cortex; HF, hippocampal formation; and NCX, neocortex. (E) Double immunofluorescence for IGF-1 (green) and CD11b (red), and nuclear staining with DAPI (blue). Co-localization of IGF-1 to CD11b+ microglia is visualized by the punctuate yellow staining, whereas the IGF-1+ fiber-like structures in the plaques remain green. Scale-bars: 400 μm (A), 100 μm (B), 50 μm (C,D), and 20 μm (E).



Next, to clarify whether the punctuate IGF-1 staining might co-localize to microglia we performed double-immunofluorescence staining for IGF-1 and CD11b. Punctuate IGF-1 immunofluorescence signal could be detected in a subset of CD11b+ microglia associated with the Aβ plaques (Figure 5E, orthogonal views in Supplementary Figures S4, S5, S6) and fiber-like structures in the plaques (Figure 5E). As described above, IGF-1 immunofluorescence was abundant in entorhinal layer II neurons, fibers in the CA3 pyramidal cell layer as well as in cerebellar Purkinje cells (Supplementary Figure S7). Substitution control revealed unspecific binding of the secondary AlexaFluor568 goat-anti rat IgG to the vasculature in our specimens (Supplementary Figure S7). However, due to the morphological characteristics of the microglia this did, however, not interfere with interpretation of the double-immunofluorescence staining. In conclusion, IGF-1 is abundantly expressed in subsets of neurons in both genotypes and in a subset of Aβ plaques-associated microglia in aged APPswe/PS1ΔE9 Tg mice.



IGF-1 mRNA Expression in Microglial BV2 Cells Is Unaffected by Addition of Aβ42

Microglial content of Aβ was previously shown to be functionally correlated to microglial cytokine expression in vivo (Babcock et al., 2015). To clarify whether Aβ might impact microglial expression of IGF-1 mRNA, we examined the effect of Aβ42 on the IGF-1 mRNA expression in microglial BV2 cells. For the stimulation was used Aβ42 which is more prevalent than Aβ40 in the hippocampus and neocortex of aging Tg mice (Babcock et al., 2015; von Linstow et al., 2017). As a reference was included CD11b mRNA. Aβ42 exposure of microglial BV2 cells for 24 h had no impact on neither IGF-1 nor CD11b mRNA expression (Figures 6A,B). In support, Aβ42 exposure for 24 h of primary microglia from newborn C57BL/6 mice did not impact IGF-1 or CD11b mRNA expression either (Figures 6C,D).


[image: image]

FIGURE 6. IGF-1 mRNA is unchanged in BV2 cells and primary microglia after Aβ42 exposure. The BV2 cell line and primary microglia from newborn mice were stimulated 24 h with 1 μM Aβ42 whereafter, RNA was isolated, reverse transcribed and used for qPCR for IGF-1 mRNA (A,C) and CD11b mRNA (B,D). Levels of IGF-1 mRNA (A,C) and CD11b mRNA (B,D) were unchanged after Aβ42 exposure. Each dot represents 1 experiment. Bars indicate the medians and the error bars the 25 and 75% quartiles.





Cell Proliferation in the sgz Decreases With Age

We finally asked whether the increased Aβ plaque load in the female APPswe/PS1ΔE9 Tg mice might contribute to age-related differences in cellular proliferation in the dentate gyrus. We therefore quantified proliferating (BrdU+) cells in the sgz of the dentate gyrus where neural precursors are located (Zhao et al., 2008). To assess changes relevant to our assessment of the Aβ plaque-induced changes in cytokine mRNA levels, we included groups of 3-, 9-, and 15-month-old Tg and WT mice. At 3 months of age, we observed clusters of BrdU+ cells in the sgz in both Tg and WT mice (Figure 7A, data shown for WT mice). These clearly decreased at 9 months of age, and at 15 months almost no BrdU+ cells were observed in either Tg or WT mice (Figure 7A). Quantification showed a significant age-dependent reduction in BrdU+ cells in both Tg and WT mice (Kruskal–Wallis test, P < 0.001, both genotypes) (Figure 7B). Statistically significant decreases in number of BrdU+ were observed at 15 months of age, compared to 3-month-old mice in both genotypes (Figure 7B, asterisks). We did not observe any significant differences between WT and Tg mice in any age group. Four out of 6 WT mice and one out of 6 Tg belonging to group of 3-mo-old mice showed very low cell numbers, which might be attributed to suboptimal BrdU-staining. Finally, hippocampal mRNA levels of brain derived neurotrophic factor (BDNF), which is known to promote neurogenesis (Lichtenwalner and Parent, 2006), remained constant across ages in both Tg and WT mice (Supplementary Figure S8).
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FIGURE 7. Cell proliferation in the subgranular zone of both genotypes decreases with age. (A) Immunohistochemical staining of proliferating BrdU+ cells (arrows) in the subgranular zone of 3-, 9-, and 15-month-old WT mice. The BrdU-staining was performed on sections from post-fixed, isolated hippocampi. In general, fewer BrdU+ cells were observed in the subgranular zone at 9 months of age, and at 15 months, almost no BrdU+ cells were observed in either Tg (not shown), or WT mice. g, granular cell layer; h, hilus; and ml, molecular layer. Scale bar: 20 μm. (B) Scatter-plot showing the average number of BrdU+ cells in the sgz 3-, 9-, and 15-month-old WT and APPswe/PS1ΔE9 Tg mice. Despite of a large variation in the number of BrdU+ cells in 3-month-old mice (see text for details) there was a significant age-dependent reduction in BrdU+ cells in both APPswe/PS1ΔE9 Tg and WT mice by 15 months of age. Data are expressed as the mean number of BrdU+ cells per section and are shown as mean ± sem for each group (n = 6–8 per group). No significant differences were observed between WT and Tg mice. #p < 0.05 (vs. 9-month-old Tg mice), ∗∗∗p < 0.0001 (vs. 3-month-old mice).






DISCUSSION

The main results of this study showed that hippocampal IGF-1 mRNA levels are increased close to two-fold in aged APPswe/PS1ΔE9 Tg mice, that approx. 15% of microglia in the molecular layer of the dentate gyrus in aged Tg as well as WT mice express IGF-1 mRNA, and that a subset of microglia in aged Tg mice express IGF-1 protein. Since microglial density was approx. two-fold higher in Tg mice compared to WT mice, the Tg mice also harbored two-fold more IGF-1 mRNA-expressing microglia. Thus, the increased hippocampal IGF-1 mRNA levels may be ascribed to an increased number of IGF-1-expressing microglia. Still, the most predominant cell types expressing IGF-1 mRNA, were neurons, including neuroblast-like cells in the sgz. Neurogenesis, given by the number of proliferating cells in the sgz, declined with age in both genotypes, regardless of the genotype-associated differences in hippocampal IGF-1 mRNA levels. The strength, limitations and perspectives of these findings, and of our results on the genotype- and age-associated changes in hippocampal TNF mRNA levels, are discussed below.

We found that % Aβ plaque load increased with age in the hippocampus of APPswe/PS1ΔE9 Tg mice and reached a maximum in 21-month-old mice. The resulting sigmoidal curve corresponds to observations in the neocortex in AD patients (Serrano-Pozo et al., 2011; Jack et al., 2013) and the same APPswe/PS1ΔE9 Tg mice (Babcock et al., 2015). This apparent maximum limit for hippocampal Aβ-load might explain why Aβ plaque load is not well correlated with cognitive symptoms in AD patients (Nelson et al., 2012; Jack et al., 2013). Cognitive symptoms appear to be a consequence of neurodegeneration, whereas Aβ deposition is an “upstream” event (Jack et al., 2013). Since APPswe/PS1ΔE9 Tg mice are not genetically modified to produce neurofibrillary tangles, which may trigger neuronal death (Braak and Braak, 1995; Eckermann et al., 2007), we did not expect to see marked changes in hippocampal volume. Although a modest neuronal loss around plaques has been reported in aged APPswe/PS1ΔE9 Tg mice (Radde et al., 2006, Rupp et al., 2011), no global loss of hippocampal CA1 neurons was observed in APPswe/PS1ΔE9 Tg mice at 12 months of age (West et al., 2009). We observed no age- or genotype-associated changes in neocortex volume in our former study (Babcock et al., 2015).

We found that a subset of microglia in aged APPswe/PS1ΔE9 Tg mice synthesized IGF-1 mRNA and IGF-1 protein. These findings are in line with reports of microglial expression of IGF-1 mRNA after perforant pathway deafferentation in rats (Guthrie et al., 1995), overlapping with zones where we found Aβ plaque load to be prominent. Deposition of Aβ can induce modest damage to axons (Liu et al., 2008, Nikolajsen et al., 2011), dendrites and neuronal somata (Radde et al., 2006, Rupp et al., 2011). In addition, Aβ plaques were also prominent in the entorhinal cortex giving rise to the perforant pathway. Microglia may sense degenerating neurons and Aβ via the same cell surface receptors (Babcock et al., 2006; Jana et al., 2008), and Aβ, potentially in combination with Aβ plaque-associated neuronal damage, may provoke a response similar to perforant pathway axonal degeneration. The microglial population increases two- to four-fold in the outer part of the dentate molecular layer in response to perforant pathway axonal degeneration in mice (Dissing-Olesen et al., 2007, Wirenfeldt et al., 2007). In the present study, we found that microglial density was two-fold higher in the molecular layer in APPswe/PS1ΔE9 Tg mice compared to WT mice, and that the Tg mice also harbored two-fold more IGF-1 mRNA-expressing microglia. Whether individual microglia express more IGF-1 mRNA per cell in aged Tg compared to WT mice requires more comprehensive studies, also addressing differences in IGF-1 mRNA expression between the different IGF-1 mRNA-expressing cell types in the dentate gyrus and hippocampus proper, as well as the effect on aging. Microglia isolated from the brains of aged C57BL/6 mice were previously reported to express higher IGF-1 mRNA levels than microglia from young mice (Hickman et al., 2013). The reason for the absence of effect of Aβ42 on the IGF-1 mRNA expression by the BV2 cells and the primary microglia could be that these cells already express high levels of IGF-1 mRNA, which the published data from the P5 pubs (Wlodarczyk et al., 2017; Hammond et al., 2019) and our own ISH data indicate. Another reason could be that a combination of Aβ42 and Aβ40 might be more efficient in stimulating microglial IGF-1 mRNA expression than Aβ42.

IGF-1 has previously been shown to modulate hippocampal neurogenesis (Aberg et al., 2000, 2003; Anderson et al., 2002), and the cell type showing the most intense ISH signal for IGF-1 mRNA, across ages and genotypes, were the neuroblast-like cells in the sgz. With their characteristic distribution and morphology these cells resembled the doublecortin-expressing neuroblasts which we showed are reduced in 18-month-, but not 9- or 3-month-old male APPswe/PS1ΔE9 Tg mice (Olesen et al., 2017). Enhancing microglial expression of IGF-1 in 9- to 10-month-old APPK95N, M591L/PS1ΔE9 Tg mice by glatiramer acetate treatment was previously suggested as a mechanism to enhance neurogenesis and counteract learning deficits (Butovsky et al., 2006). In comparison, in our present study the elevated hippocampal IGF-1 mRNA levels in the aged APPswe/PS1ΔE9 Tg mice did not influence neurogenesis, which was similarly low in the 15-month-old female and the 18-month-old male Tg and littermate WT mice (the present study and Olesen et al., 2017, respectively). Importantly, although the changes we observed were less than two-fold, IGF-1 mRNA was expressed at relatively high levels in the hippocampus of both WT and APPswe/PS1ΔE9 Tg mice, typically detected by qPCR at 8–10 cycle thresholds before TNF. The fact that baseline-level of IGF-1 mRNA is relatively high in the hippocampus, and that several cellular sources, including neurons, microglia, as well as sgz cells, produce IGF-1 mRNA, calls for caution in the interpretation of the contribution of microglial versus non-microglial cells as sources of the functionally important IGF-1. Additionally, increased expression of IGF-1 mRNA may be counteractive, since Aβ can reduce neuronal sensitivity to IGF-1 by decreasing neuronal IGF-1Rs (Giuffrida et al., 2012). Reduced IGF-1 sensitivity in APPswe/PS1ΔE9 Tg mice has been observed (Zhang et al., 2013), as has deregulated IGF-1 signaling (Zemva and Schubert, 2014).

We also observed increased TNF mRNA levels in APPswe/PS1ΔE9 as well as WT mice with age. Increased hippocampal TNF mRNA and protein have previously been reported in aged APPswe/PS1ΔE9 Tg mice (Francois et al., 2014; Minogue et al., 2014). Though the cell source of TNF mRNA in hippocampus was not determined by double-ISH, as done for IGF-1 mRNA and CD11b mRNA, we have previously shown that neocortical microglia produce TNF in aging WT and APPswe/PS1ΔE9 Tg mice (Babcock et al., 2015). Also, the age-related increase in hippocampal TNF mRNA fits well with the reported increase in TNF mRNA expression in microglia from aged C57BL/6 mice (Hickman et al., 2013). TNF might also be produced by infiltrating macrophages (Clausen et al., 2008; Lambertsen et al., 2009) as immigrating cells can be detected in the hippocampus of chimeric APPswe/PS1ΔE9 Tg mice, though greatly outnumbered by microglia (Babcock et al., 2015). As expected based on our quantitative studies of TNF mRNA+ cells in the neocortex of the same APPswe/PS1ΔE9 Tg mice (Babcock et al., 2015), we found very low numbers of TNF mRNA+ cells, distributed sporadically throughout the hippocampus, though absent from the neurogenic niche in the sgz in both genotypes. This suggests that fold-increases in TNF mRNA measured at the whole hippocampus level by qPCR may reflect individual cells expressing high levels of TNF mRNA.

In this study, we used IHC staining for CD11b for visualization of microglial activation. Changes in CD11b immunoreactivity could be observed in all hippocampal subregions of APPswe/PS1ΔE9 Tg mice with CD11b+ cellular aggregates coinciding with Aβ plaques, as previously reported (Bolmont et al., 2008; Minogue et al., 2014, Babcock et al., 2015), and with Aβ plaques and microglial aggregates in the dentate hilus, in close association with the sgz. Although microglial phagocytosis of apoptotic new-born neurons is maintained during aging and acute inflammation (Sierra et al., 2010), the additional challenge of being exposed to and to take up Aβ could change how efficiently microglia can support this key physiological process during neurogenesis. A significant subpopulation of microglia in APPswe/PS1ΔE9 Tg mice has a high Aβ load (Babcock et al., 2015), and having to clear Aβ interfered with phagocytic uptake of beads in the hippocampus of another Tg mouse model (Krabbe et al., 2013). Interestingly, microglial capacity for phagocytosis appears to be related to the cytokine profile (Babcock et al., 2015), however, while we know that the microglial subset expressing TNF is poor in taking up Aβ, we have no data on whether microglial expression of IGF-1 impacts their uptake of Aβ. Recently, we showed by the use of proteomics that CD11b+ myeloid cells (mainly microglia) isolated from 24-month-old APPswe/PS1ΔE9 Tg mice have lower expression of IGF binding protein 2 (IGFBP2) compared to CD11b+ myeloid cells from 24-month-old WT mice (Thygesen et al., 2018). IGFBP2 is also expressed in microglia in active lesions in multiple sclerosis cases (Chesik et al., 2004). Secretion of IGFBP2 is important for transport of IGF-1 to its receptors. While we did not identify IGF-I as being differentially regulated in our proteomics study (Thygesen et al., 2018), likely due to the technical limitation on low molecular protein identification by mass spectrometry (Nilsson et al., 2010), we in the present study found IGF-1 co-localized to a subset of plaques-associated CD11b+ microglia. Taking into consideration that the double-immunofluorescence staining was a compromise regarding fixation protocols, to allow simultaneous detection of CD11b and IGF-1, the frequency of IGF-1+ microglia is likely underestimated. Indeed, IGF-1 mRNA was shown to be among the significantly upregulated genes in microglia from 6-month-old male 5XFAD mice in recent single-cell RNA-sequencing studies, classifying the IGF-1 mRNA+ microglia as homeostatic microglia (Keren-Shaul et al., 2017).

Decreased sgz cell proliferation in normal aging is well-documented in both humans (Spalding et al., 2013) and rodents (Kuhn et al., 1996; Demars et al., 2010; Valero et al., 2011; Villeda et al., 2011; Hamilton and Holscher, 2012; Olesen et al., 2017). In comparison, in AD, sgz proliferation has been reported to be both increased (Jin et al., 2004) and decreased (Ziabreva et al., 2006; Crews et al., 2010), similar to inconsistencies described in different mouse models of AD (Chuang, 2010). Several studies reported more pronounced decreases in APPswe/PS1ΔE9 Tg than WT mice (Butovsky et al., 2006; Demars et al., 2010; Valero et al., 2011; Hamilton and Holscher, 2012). We recently reported that sgz cell proliferation decreased to the same extent in APPswe/PS1ΔE9 Tg and littermate WT mice at 18 months of age, while we did observe a larger reduction in the number of doublecortin immunoreactive neuroblasts in the APPswe/PS1ΔE9 Tg mice (Olesen et al., 2017).



CONCLUSION

In conclusion, the results suggest that the increased IGF-1 mRNA levels observed in aged APPswe/PS1ΔE9 Tg mice can be ascribed to a larger number of IGF-1 mRNA-expressing microglia, and additionally that IGF-1 mRNA is translated into IGF-1 protein in a subset of Aβ-plaque-associated microglia. The finding that microglia retain the capacity to produce IGF-1 in the aged APPswe/PS1ΔE9 Tg mice is interesting, since this may provide a potentially modifiable local cellular source of IGF-1 in the Aβ plaque-burdened brain in individuals with AD.
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FIGURE S1 | ISH showing representative TNF mRNA+ cells in the hippocampus of 12- and 24-month-old WT and APPswe/PS1ΔE9 Tg mice. Scale bar: 10 μm.

FIGURE S2 | Distribution of IGF-1 mRNA+ cells in postnatal day five (P5) old mouse pups. ISH of horizontal sections of P5 C57BL/6 mouse pups with AP-conjugated probe for IGF-1 mRNA. (A) High power photomicrograph of IGF-1 mRNA+ cells with the morphology of amoeboid microglia in the corpus callosum. Overview of the hippocampal formation (HF), and high power of IGF-1 mRNA+ cells in the angular bundle and IGF-1 mRNA+ sgz cells at the border between the granule cell layer and the dentate hilus (DG). (B) ISH showing IGF-1 mRNA+ cells in the hippocampus (higher magnification of section shown in (A), and blank RNAse control (RNAse) and competition control (Comp) in parallel sections from the same mouse. ab, angular bundle; BS, brain stem; CA1, CA3, regio superior and inferior hippocampus, respectively; cc, corpus callosum; DG, dentate gyrus; ec, external capsule; f, fimbria-fornix; h, hilus; g, granule cell layer; ml, molecular layer; and Th, thalamus. Scale bars: 150 μm (A,C,D), 250 μm (B), 250 μm (E–G).

FIGURE S3 | IGF-1 expression in cerebellar and hippocampal neurons. IHC for IGF-1 on sections from 24-month-old APPswe/PS1ΔE9 Tg and 26-month-old WT mice. IHC was performed by use of a two-step protocol using AP-conjugated anti-rabbit antibody for the detection of the primary rabbit-anti-IGF-1 antibody. (A) IGF-1 is expressed in high levels in cerebellar Purkinje cells. (B) In the hippocampal formation, IGF-1 immunoreactivity is most abundant in entorhinal layer II neurons and in fibre-like structures in the CA3 pyramidal cell layer. Substitution control performed with inert rabbit IgG abolished all staining. CA3, regio superior hippocampus; CB, cerebellum; and HF, hippocampal formation. Scale bars: 50 μm (A,bottom), 100 μm (A, top and B, bottom), and 400 μm (A, top).

FIGURE S4 | Double-immunofluorescence staining for IGF-1 and microglial CD11b in dentate gyrus. (A) Single-layers showing of the immunofluorescence signal for CD11b (red) and IGF-1 (green) in the dentate gyrus (DG) of 24-month-old APPswe/PS1ΔE9, corresponding to Figure 5B. Nuclei are stained with DAPI (blue). Fresh frozen sections were used for the double-immunofluorescence stainings. Pictures were obtained using a 40 × objective creating a z-stack through the section. (B) Orthogonal views of the z-stack showing overlap of IGF-1 and CD11b immunofluorescense signal (yellow). Scale bars: 20 μm.

FIGURE S5 | Double-immunofluorescence staining for IGF-1 and microglial CD11b in the entorhinal cortex. (A) Single-layers showing of the immunofluorescence signal for CD11b (red) and IGF-1 (green) in the entorhinal cortex (EC) of 24-month-old APPswe/PS1ΔE9, corresponding to Figure 5B. Nuclei are stained with DAPI (blue). Fresh frozen sections were used for the double-immunofluorescence stainings. Pictures were obtained using a 40 × objective creating a z-stack through the section. (B) Orthogonal views of the z-stack showing overlap of IGF-1 and CD11b immunofluorescense signal (yellow). Scale bars: 20 μm.

FIGURE S6 | Double-immunofluorescence staining for IGF-1 and microglial CD11b in the neocortex. (A) Single-layers showing of the immunofluorescence signal for CD11b (red) and IGF-1 (green) in neocortex (NCX) of 24-month-old APPswe/PS1ΔE9, corresponding to Figure 5B. Nuclei are stained with DAPI (blue). Fresh frozen sections were used for the double-immunofluorescence stainings. Pictures were obtained using a 40 × objective creating a z-stack through the section. (B) Orthogonal views of the z-stack showing overlap of IGF-1 and CD11b immunofluorescense signal (yellow). Scale bars: 20 μm.

FIGURE S7 | Double-immunofluorescence stainings for IGF-1 and CD11b in sections from 24-month-old APPswe/PS1ΔE9 mice. IGF-1 (green), CD11b (red), and nuclei are stained with DAPI (blue). (A) Amyloid-plaque-associated aggregates of CD11b+ microglia (arrows) are abundant in the entorhinal cortex. Note, the high levels of IGF-1 expression in entorhinal layer II neurons. (B) Substitution control performed on section to the one used for the photomicrographs shown in (A,C,D). Substitution of both primary antibodies with inert rabbit IgG and rat IgG2b, respectively, did not abolish all signal, but left behind a faint vascular staining from the secondary AlexaFluor568 goat-anti rat IgG. (C) Cerebellar cortex with IGF-1 expression in the Purkinje cells (arrows). (D) IGF-1 immunoreactive fibre-like structures between the CA3 pyramidal cells. CB, cerebellum; EC, entorhinal cortex; g, granule cell layer; ml, molecular layer; o, stratum oriens; p, pyramical cell layer; r, stratum radiatum; and wm, white matter. Scale bars: 100 μm (A), 100 μm (B), and 20 μm (C,D).

FIGURE S8 | BDNF mRNA levels do not change with age in APPswe/PS1ΔE9 Tg and WT mice. Quantitative PCR analysis shows that levels of BDNF mRNA are not significantly different with age in hippocampus of either Tg mice (gray bars) or WT mice (white bars). Specific age groups are indicated on the graph. Bars represent medians with 25 and 75% quartiles (n = 6–10 per group).

TABLE S1 | Summary of stereology data on % Aβ plaque load and hippocampal volume in APPswe/PS1ΔE9 Tg mice.

TABLE S2 | IGF-1 mRNA expression by CD11b mRNA+ microglia in the molecular layer of aged WT and APPswe/PS1ΔE9 Tg mice.
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Intra-CA1 Administration of Minocycline Alters the Expression of Inflammation-Related Genes in Hippocampus of CCI Rats
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Some recent evidence suggests that microglia activation and inflammatory cytokine production in the hippocampus are associated with the development of pain behavior following peripheral nerve injury. We observed sciatic nerve chronic constriction injury (CCI)-induced inflammation-related gene expression changes that are modulated by minocycline in rat hippocampus. Intra-CA1 administration of minocycline was applied after nerve injury. Genome-wide mRNA expression in the hippocampus was evaluated to monitor the fundamental gene expression levels. We found that minocycline treatment produces a pronounced inhibition of CCI-induced mechanical allodynia. We identified 790 genes differentially expressed in CCI vs. sham rats. Among these changed genes, the 425 differentially expressed genes showed a significantly different effect in CCI vs. minocycline-treated rats. Moreover, 390 transcripts were characterized by an increase in mRNA abundance after nerve injury, and minocycline treatment reduced the level of these changes. Only 35 transcripts were characterized by a decrease in mRNA after nerve injury, and minocycline treatment reversed the decrease in the hippocampus. Noteworthily, cytokine-cytokine receptor interaction and the toll-like receptor signaling pathway are the top two most significantly enriched KEGG (kyoto encyclopedia of genes and genomes) terms in comparing the sham vs. CCI group and CCI vs. minocycline-treated group. Nine kinds of transcription factor gene transcripts (Runx3, Tfec, Pax-1, Batf3, Sp5, Hlx, Nfkbiz, Spil, Fli1) increased in abundance after nerve injury, and minocycline treatment reversed these changes. Afterwards, we selected some genes for further validation by using quantitative PCR: interleukins (Il1β), chemokines (Cxcl13, Cxcl1, Ccl2, Cxcl11, Ccl7, Ccl20), toll-like receptors (Tlr8 and Tlr1), and transcription factors (Runx3, Nfkbiz and Spil). We suggested that the transcriptional changes of these inflammation-related genes are strongly related to the processes of microglia activation underlying neuropathic pain development.


INTRODUCTION

Neuropathic pain is a chronic pain condition that is usually induced by peripheral nerve injury. Recent reports suggest that the inflammation-related cytokines accumulation in dorsal root ganglion, dorsal spinal cord, hippocampus, thalamus, and somatosensoric cortex are paralleled by pain responses in different animal models of neuropathic pain (Al-Amin et al., 2011; Sun et al., 2016; Chang et al., 2018; Liu et al., 2018). In the chronic constriction injury (CCI) and the spared nerve injury models of neuropathic pain in rats, an increase in interleukin 1 beta (IL-1β), interleukin 6 (IL-6), nerve growth factor (NGF), and glial cell-derived neurotrophic factor (GDNF) was observed in most brain regions (Al-Amin et al., 2011). The overproduction of tumor necrosis factor-α (TNF-α) may regulate synaptic plasticity in the rat hippocampus through microglia-dependent mechanism after spared nerve injury of the sciatic nerve (Liu et al., 2017). However, it is not clear whether other inflammation-related neuroactive substances will be affected after microglia activation in the rat hippocampus after peripheral nerve injury.

It is clear that many kinds of toll-like receptors (TLRs) are expressed in the hippocampus and act as a type of pattern-recognition receptor that participate in inflammatory responses. TLR1 expression in the hippocampus was increased in the neurons, microglia, and astrocytes in seizure mice (Wang et al., 2015). TLR (2, 3, 4, 7, and 9) expression was upregulated in the hippocampus of restraint stressed rats (Timberlake et al., 2018). TLR2 and TLR4 in the rat hippocampus are related to the lipopolysaccharide (LPS)-induced neuron cell death (He et al., 2013; Henry et al., 2014). That TLR3-induces the increased expression of IL-1β in the rat hippocampus was suggested by Henry et al. (2014). TLR8, expressed in most regions of the brain, is associated with injury and neurite outgrowth (Ma et al., 2006). It is well known that TLR-dependent signaling is often associated with the overproduction and release of inflammatory cytokines in many different types of cells. However, the relationship between the changes of TLRs expression and microglia activation in hippocampus of CCI rats is not known.

Previous studies reveal that chemokine production is enhanced in some neuroimmunological diseases accompanied by pathological pain (Cartier et al., 2005). CXCL13 is obviously upregulated in the spinal cord after spinal nerve ligation and induces astrocyte activation via its receptor CXCR5 (Zhang et al., 2017). Chemokine CCL2 (C-C motif ligand 2) in the rostral ventromedial medulla is related to the descending pain facilitation in nerve-injured rats (Guo et al., 2012). Expression of chemokines CCL2 and CCL3 was increased in the thalamus and hippocampus after severe spinal cord injuries (Knerlich-Lukoschus et al., 2011). The overproduction of IL-1β and CCL2 was found in the hippocampus of CCI rats (Fiore and Austin, 2018). Moreover, Lanfranco et al. reported that CCL5 gene expression was found in neurons and glial cells in the rat hippocampus (Lanfranco et al., 2018). However, no evidence directly addresses the relationship between microglia activation and chemokine accumulation in neuropathic hypersensitivity.

It is clear that minocycline is an important modulator of the immune response and easily permeates the blood-brain barrier (Stolp et al., 2007; Vonder Haar et al., 2014). Clinically, minocycline can be administered by the intravenous route in patients with traumatic brain injury (Rojewska et al., 2014). More recent evidence suggest that minocycline is effective at reducing the spontaneous pain behavior in animal models of neuropathic pain, and that means it appears to be a promising analgesic drug (LeBlanc et al., 2011; Rojewska et al., 2014). In the present study, minocycline is applied to identify what inflammation-related genes at the hippocampus are closely related to the increased microglia activity in CCI-induced neuropathic pain rats.



MATERIALS AND METHODS


Experimental Animals

In the experiments, adult male Sprague-Dawley (SD) rats (200–220 g) were housed under a 12: 12 h revised light/dark cycle. The protocol was prepared from SD rats in accordance with the National Institutes of Health guidelines in a manner that minimized animal suffering and animal numbers. All experiments involving animals were approved by the Zunyi Medical University Committee on Ethics in the Care and Use of Laboratory Animals.



Intra-hippocampal Injection

Rats were anesthetized by pentobarbital sodium (40 mg/kg, i.p.) and mounted in a David Kopf stereotaxic frame (Model 1900, Tujunga, CA, USA) with a flat skull position. An incision was made along the midline and the scalp was retracted. The area surrounding the bregma was cleaned. Stainless steel guide cannulae were unilaterally implanted 1 mm above the CA1 according to rat brain atlases. Two holes were drilled through the skull and two stainless steel needles (28 gauge) were inserted through the holes (A/P-3.3 mm caudal to the bregma, L/R ± 2.0 mm lateral to the midline, D/V2.8 mm ventral to the skull surface) (Paxinos and Watson, 1998). These rats were allowed to recover for 6 days before CCI operation. A total of 0.5 μl of either PBS or minocycline was infused (0.167 μl/min, 3 min) (Zhang et al., 2016). After infusion, needles remained in place for an additional 3 min to avoid reflux. After nerve injury, the rats received bilateral intra-hippocampal treatment of 0.5 μl of either vehicle or minocycline (1, 2, 5, 10, and 15 μg/μl, twice a day) for 7 days consecutively.



The Chronic Constriction Injury (CCI) Model

Rats were anesthetized with pentobarbital sodium (40 mg/kg, i.p.), and the sciatic nerve (left) was exposed. The left sciatic nerve was exposed and a 15-mm length of sciatic nerve proximal to the sciatic trifurcation was dissected. Four loose ligatures (4.0 braided silk) were made around the sciatic nerve at 1-mm intervals. Sham rats underwent the same procedure but without nerve ligation. After surgery, rats were housed in separate cages (at room temperature for 24 h) to avoid scratching each other (Safakhah et al., 2017; Liu et al., 2018). Rats that exhibited motor deficits such as hind-limb paralysis, impaired righting reflexes, and hind-limb dragging were excluded. That is to say, after implantation of a cannula into the hippocampus, the hind limb function of rats used for CCI and behavioral testing was not to be impaired (Huang et al., 2018). Hernández-López et al. also reported that stereotactic surgery for cannula placement in the dorsal hippocampus does not impair the motor coordination of rats (Hernández-López et al., 2017). In addition, rats not exhibiting pain hypersensitivity after nerve injury were excluded.



Behavioral Assessment

Mechanical withdrawal threshold (MWT) was recorded to assess the response of the paw to mechanical stimulus. An electronic von Frey plantar aesthesiometer (IITC, Wood Dale, IL, USA) was used (Huang et al., 2018). After habituation to the test environment, the measurements were made. Baseline values were obtained before surgery. Mechanical stimulation was applied against the mid-plantar area of the left hind paw, and brisk withdrawal or paw flinching was considered to be positive behavior. The MWT was recorded and the cut-off force was set at 60 g. Three successive stimuli were applied, and MWT was represented by the mean values.



Transcriptional Profile Analysis

Male SD rats were divided into Sham, CCI+0.01M PBS and CCI+ Minocycline groups (n = 3 per group). Three subjects from each group who met all inclusion criteria (see below) were subjected to microarray analyses. At 7 days following CCI or sham surgery, the rats were anesthetized with pentobarbital sodium (40 mg/kg, i.p.). The hippocampus of rats was dissected, flash-frozen (in liquid nitrogen) and stored at −80°C for analysis. According to the procedures described in the manual, total RNA was isolated from hippocampal tissue using TRI Reagent (Sigma Aldrich, USA). RNA degradation and contamination were checked by gel electrophoresis. The quantity of each RNA sample obtained was checked using the NanoPhotometer® spectrophotometer (IMPLEN, CA, USA) with pass criteria of absorbance ratios of A260/A280 ≥ 1.8 and A260/A230 ≥ 1.6. RNA concentrations were assessed using Qubit® RNA Assay Kit in Qubit® 2.0 Fluorometer (Life Technologies, CA, USA). A total amount of 2 μg RNA per sample was used to construct the cDNA library.

First-strand cDNA was synthesized using a HiFiScript gDNA Removal cDNA Synthesis Kit (CWBIO, Beijing, China) according to the standard protocols. Quantitative real-time PCR was carried out using a QuantStudio™ 6 Flex Real-Time System (Applied Biosystems, USA) with UltraSYBR Mixture (CWBIO, Beijing, China). The following PCR amplification program was used: 95°C for 2 min, followed by 40 cycles of 95°C for 10 s, 50–54°C (changed according to the primer sequences) for 20 s and 72°C for 20 s. A dissociation curve was performed (55–95°C) after the last PCR cycle to ascertain the specificity of the amplification reactions. The abundance of each mRNA was normalized with respect to the endogenous housekeeping gene β-actin, and the relative gene expression levels were determined by the 2−ΔΔCt method.

Microarray experiments were performed to determine gene-expression profiles in rat hippocampus. Based on the differentially expressed gene (DEG) results, the heat maps were constructed using Multiexperiment Viewer (MeV; http://mev.tm4.org/). Gene ontology (GO) and pathway enrichment analyses were carried out with the aid of the NCBI COG (http://www.ncbi.nlm.nih.gov/COG/), Gene Ontology Database (http://www.geneontology.org/) and KEGG pathway database (http://www.genome.jp/kegg/).

The DEGs were ascertained using the DESeq R package (1.10.1) as detailed in a previous study (Wang et al., 2010). False discovery rate (FDR) was used to correct the results for P-value. FDR ≤ 0.05 and an absolute value of log2 (fold-change) ≥1 were used as the threshold for screening DEGs. Pathway functional enrichment analysis was performed using the “phyper” function in R. The P-value calculating formula is:
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Here, M is the number of genes in the pathway, N is the total number of genes in the genome, m is the number of target gene candidates in M and n is the number of differentially expressed genes. In addition, i = 1, 2, 3, … (M-1) where M represents the number of genes in the pathway. The Fisher's score indicates the ratio of genes (number m) belonging to the functional pathway out of the total differentially expressed genes (number n) (Zhang et al., 2018). Subsequently we calculate the value of FDR. FDR ≤ 0.01 is considered as significantly enriched.



RT-PCR

Male SD rats were divided into Sham, Sham+Minocycline, CCI+0.01M PBS and CCI+ Minocycline groups (n = 6 per group). The changes in the abundance of some gene transcripts in the rat hippocampus after nerve injury and the modulatory effects of minocycline should be further investigated by PCR analysis of samples independent from those used for the microarray studies. According to the methods mentioned above, four groups of animals were treated and killed by cutting their necks. Brain tissue was quickly dissected on the ice platform and was immersed and washed with phosphate buffered solution (PBS). The hippocampus was isolated and rapidly transferred into separate RNase-free 1.5 ml Eppendorf tubes. Total RNA was immediately isolated using the TRIzol Reagent (MRC Co., Cincinnati, USA). The concentration and purity of RNA samples were measured using Spectrophotometer (Thermo Fisher Scientific). The ratios of OD260/OD280 were between 1.9 and 2.1. cDNA was synthesized from RNA by reverse transcription reaction using the SuperScript II reverse transcriptase kit (Invitrogen). All primers are shown in Table 1. qPCR was performed in a final volume of 20 μl (8 μl H2O, 10 μl mastermix, 1 μl assay-mix, and 1 μl cDNA) on a Linegene Real-time PCR detection system (Bioer Technology, China). PCR reaction conditions were as follows: (1) 95°C 8 min 1 Cycle; (2) 95°C 15 s and 60°C 1 min, 40 Cycles. The experimental data analysis was carried out using the 2−ΔΔCt method (Livak and Schmittgen, 2001).


Table 1. Primers used for RT-PCR.
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Statistical Analysis

All data were presented as mean ± standard deviation (SD.). The behavioral and PCR data were analyzed by one- (compared within the group) or two-way (compared between groups) ANOVA. If significance was established, post-hoc Dunnett or Bonferroni's multiple comparisons were performed. All statistical tests were carried out using SPSS 18.0 software (IBM, Armonk, NY). The level of significance was set as p < 0.05.




RESULTS


Intra-CA1 Administration of Minocycline Attenuates CCI-Induced Mechanical Allodynia

To investigate the antinociceptive effect of minocycline on the mechanical nociceptive threshold in neuropathic pain rats, the MWT was recorded on the day before and after surgery (at POD 1, 3, 5, and 7). A total of five doses (1, 2, 5, 10, and 15 μg/μl, twice a day) were administered. We compared the changes of MWT between the different time points (Figure 1). Application of minocycline at 1, 2, and 5 μg/μl for 30 min showed increased MWT in comparison to CCI rats (P < 0.05). Application of minocycline at 1, 2, and 5 μg/μl for 1 h also showed more significant increase in MWT (vs. CCI rats: P < 0.01; vs. 30 min: P < 0.05). Application of minocycline at 10 and 15 μg/μl for 30 min showed a slight increase but was not significantly different from that of the vehicle-treated CCI group. Application of minocycline at 10 μg/μl for 1 h showed obvious increased MWT (vs. CCI rats: P < 0.05; vs. 30 min: P < 0.05). Application of minocycline at 15 μg/μl for 1 h also showed increased MWT (vs. CCI rats: P < 0.05). Application of minocycline at 5 μg/μl for 2 h showed slightly increased MWT (vs. CCI rats: P < 0.05; vs. 1 h: P < 0.01). These results suggest that minocycline produced a reversal of MWT, with maximal effect at 1 h after minocycline administration.
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FIGURE 1. MWT was determined in different groups. All values represent mean ± SD (n = 8). (A) Decreased MWT was exhibited in the CCI rats on day 1 after surgery compared to sham rats (++P < 0.01). Compared with CCI rats, minocycline (1, 2, 5, 10, and 15 μg/μl) treatment exerted anti-hyperalgesic effects (*P < 0.05). Minocycline treatment showed obvious increased MWT (vs. 1 μg/μl: #P < 0.05; vs. 2 μg/μl: @P < 0.05; vs. 5 μg/μl: %P < 0.05; vs. 10 μg/μl: &P < 0.05). Greater analgesic effect of minocycline occurs 1 h after its administration (vs. Pre: OP < 0.05; vs. 30 min: $P < 0.05; vs. 1 h: ▴P < 0.05); (B) The MWT was measured at 1, 3, 5, and 7 days after surgery. Decreased MWT was exhibited in the CCI rats on days 1, 3, 5, and 7 after nerve injury compared to sham rats (++P < 0.01). Compared with CCI rats, minocycline (1, 2, 5, 10, and 15 μg/μl) treatment exerted anti-hyperalgesic effects (*P < 0.05). Minocycline treatment showed the more obvious increase in MWT (vs. 1 μg/μl: #P < 0.05; vs. 2 μg/μl: @P < 0.05; vs. 5 μg/μl: %P < 0.05; vs. 10 μg/μl: &P < 0.05).


As shown in Figure 1B, decreased MWT was observed in rats on day 1 after surgery compared to sham rats (P < 0.05), and the allodynia was sustained throughout the experimental period. Compared to the vehicle-treated CCI rats, minocycline at 1 μg/μl induced significant analgesic effect (P < 0.05). Minocycline at doses of 2 and 5 μg/μl showed better analgesic effects in comparison with minocycline at dose 1 μg/μl (P < 0.05). We also noticed that minocycline at a dose of 5 μg/μl showed apparent elevations of the mechanical pain threshold in comparison with minocycline at a dose of 2 μg/μl (P < 0.05). On the other hand, minocycline at 10 μg/μl produced moderate antinociceptive effect in CCI rats. Minocycline at 15 μg/μl induced a slight but significant antinociceptive effect in CCI rats. Minocycline at a dose of 5 μg/μl showed better analgesic effects in comparison with minocycline at doses of 10 and 15 μg/μl (P < 0.05). In a short, three main conclusions can be drawn: (1) The decreased MWT in CCI rats and the analgesic effect of minocycline in minocycline-treated CCI rats are maintained over 7 days; (2) a greater analgesic effect of minocycline occurs 1 h after its administration; (3) the highest analgesic effect of minocycline occurs at a dose of 5 μg/μl. Then, the minimum dose of minocycline (5 μg/μl) showing maximum effect was selected in the following experiments.



Identification of Differentially Expressed Genes Between Different Groups

To explore the possible role of microglia activation and inflammation within the hippocampus in the development of peripheral neuropathic pain, the DEGs between different groups were identified. According to the results, in the rat hippocampus, there were 790 DEGs between the sham group and the CCI group. Among them, 613 genes were increased and 177 were decreased (as shown in Figure 2A and Table S1). There were 840 DEGs between the CCI group and minocycline-treated group, among them 143 genes were increased and 697 were decreased (as shown in Figure 2B and Table S2). Between the sham group vs. CCI group and minocycline-treated group vs. CCI group, 448 DEGs were shared (as shown in Figure 2D and Table S3). Among these 448 DEGs, 398 transcripts were characterized by an increase in mRNA abundance after nerve injury, and minocycline application decreased the level of these changes. Only 34 transcripts were characterized by a decrease in mRNA after nerve injury, and minocycline treatment reversed the decrease in hippocampus of CCI rats (as shown in Table S3). It seems that these 432 genes may be associated with the effect of minocycline in CCI rats. In addition, only two transcripts were upregulated in CCI and upregulated by minocycline. Fourteen transcripts were downregulated in CCI and downregulated by minocycline. We also found that there were 766 DEGs between the sham group and the minocycline-treated group. Among them 342 genes were increased and 424 were decreased (as shown in Figure 2C and Table S4). Between the sham group vs. CCI group and sham group vs. minocycline-treated group, 252 DEGs were shared, among them 86 genes were increased and 166 were decreased (as shown in Figure 2D and Table S5).
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FIGURE 2. The DEGs were identified. In (A–C), red dots represent increased DEGs and blue dots represent decreased DEGs. In addition, gray dots represent non-DEGs. (A) MA plot for DEG analysis between sham and CCI groups. (B) MA plot of DEGs among the hippocampus between the CCI and minocycline-treated group. (C) MA plot of DEGs among the hippocampus between sham and minocycline-treated group. (D) Comparisons of the number and overlapping DEGs between different experimental groups (the Venn diagram of DEGs). (D1) Blue circle represents number of DEGs between sham and CCI group; red circle represents number of DEGs between CCI and minocycline-treated group; the overlapping area represents shared DEGs of two comparable groups. (D2) Blue circle represents number of DEGs between sham group and minocycline-treated group; red circle represents number of DEGs between CCI group and minocycline-treated group; the overlapping area represents shared DEGs of two comparable groups.




Differential Expression Analysis at the Gene Ontology Annotation Level

The DEGs were annotated covering molecular biological function, cellular component and biological process. As shown in Figure 3, the DEGs in the sham, CCI and minocycline-treated groups can be mostly classified into biological processes. The five most enriched GO terms of the DEGs for biological process were the cellular process, biological regulation, regulation of biological process, response to stimulus, and metabolic process. The five most enriched GO terms of the DEGs for the cellular component were cell, cell part, organelle, membrane, and membrane part. The five most enriched GO terms of the DEGs for molecular function were binding, catalytic activity, signal transducer activity and molecular function regulator. Compared with the sham group, the differentially expressed annotated genes in biological process, molecular function, and cellular component were mainly increased in CCI rats (Figure 3A). As far as the minocycline-treated and CCI groups were concerned, the differentially expressed annotated genes in biological process, molecular function, and cellular component were mainly decreased in the minocycline-treated group (Figure 3B). As a result, as shown in Figure 3C, between sham and minocycline-treated group, the numbers of DEGs in biological process, molecular function, and cellular component are decreased.
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FIGURE 3. GO term classification of increased and decreased genes on DEGs for each pairwise. X axis represents GO term. Y axis represents the number of increased/decreased genes. (A) The most enriched GO terms between the sham and CCI groups. (B) The most enriched GO terms between the CCI and minocycline-treated groups. (C) The most enriched GO terms between the sham and minocycline-treated groups.




KEGG Pathway Analysis of Differentially Expressed Genes

Compared with the sham-operated group, the CCI group had 20 differential gene-involved significant pathways. DEGs contained in these pathways (top 14) are shown in Table 2. Some pathogenic microorganism infection-related pathways (herpes simplex infection, tuberculosis, influenza A, malaria, Pertussis, and Leishmaniasis infection) were also involved in the process. As far as the sham and CCI groups were concerned, the most enriched KEGG pathways were the cytokine-cytokine receptor interaction pathway and the TLR signaling pathway. The cytokine-cytokine receptor interaction pathway was significantly affected, with 31 increased genes and 1 decreased gene involved in the hippocampus of CCI rats. The TLR signaling pathway was significantly affected, with 17 increased genes and 2 decreased genes involved in the hippocampus of CCI rats.


Table 2. The top 14 most significant KEGG pathways identified with increased and decreased genes among different groups.
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We also noticed that the minocycline-treated group had 20 differential gene-involved significant pathways in comparison with the CCI group. DEGs contained in these pathways (top 14) are also shown in Table 2. These results reveal that minocycline administration can regulate the expression of genes in these pathways, and reversing the gene expression changes in these pathways may be considered as one of the important mechanisms of minocycline against CCI-induced neuropathic pain. Some pathogenic microorganism infection-related pathways were also significantly downregulated. As far as the CCI and minocycline-treated groups were concerned, the most enriched KEGG pathways were the cytokine-cytokine receptor interaction pathway and the TLR signaling pathway. Among them, the cytokine-cytokine receptor interaction pathway was obviously affected, with 33 decreased genes involved. The TLR signaling pathway was significantly affected, with 16 decreased genes and 2 increased genes involved in the hippocampus of minocycline-treated CCI rats.



mRNA Expression Profile of Inflammation-Related Genes in Rat Hippocampus

Cytokines and chemokines were originally identified as essential mediators for inflammatory and immune responses in the formation of neuropathic pain (White and Wilson, 2008; Totsch and Sorge, 2017). As shown in Table 3, in the rat hippocampus, higher transcript levels of Cxcl13, Cxcl1, Ccl2, Cxcl11, Ccl7, Ccl20, Ccl3, Ccl6, Ccl5, and Cxcl16 (Top 10 upregulated chemokine genes) were found in the CCI group as compared with sham rats. Except for Cxcl1, this upregulation of chemokine genes was almost diminished after repeated treatment with minocycline. We noticed that pro-inflammatory biomarker Il1β and iNOS are robustly upregulated at the transcriptional level after nerve injury. After minocycline treatment, iNOS and Il1β were obviously downregulated as compared with CCI rats. Il-18rap (rCG22315) transcript was also upregulated in the hippocampus, and minocycline suppressed upregulation in CCI rats.


Table 3. mRNA expression profile of inflammation-related genes among different groups.
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In addition, cytokine signaling-3 (SOCS3) and TLR gene transcripts were upregulated in the hippocampus, and minocycline suppressed the upregulation of SOCSs and Tlr8, Tlr1, Tlr13, Tlr7, Tlr2, and Tlr9 gene transcripts in CCI rats. We found that, after nerve injury, Tlr4 transcripts were only upregulated by <1 fold (Tlr4: fold = 0.56, FDR = 0.0167). The Tnf-α and Nlrp3 transcripts were upregulated by >1 fold (Tnf-α: fold = 1.492, FDR = 0.037; Nlrp3: fold = 1.21, FDR = 4.18E-23) in the hippocampus of CCI rats. Moreover, the upregulated Tnf-α and Nlrp3 gene transcripts were only moderately suppressed by minocycline (Tnf-α: fold = 0.469, FDR = 0.275; Nlrp3: fold = 0.79, FDR = 5.55E-12). Besides, Nlrp1a gene transcripts were only slightly upregulated (Nlrp1a: fold = 0.29, FDR = 0.007). For these reasons, the changes of Tnf-α, Tlr4, and Nlrp gene transcripts are not listed in Table 3. At last, we noted that C3, Ptges, Mt1, Il20rb, Il21r, Il2rb, Hpgds, Il1r1, Tlr8, Card11, P2ry6, Casp4, Fas, and Tifab were upregulated in the CCI group as compared with sham rats. Afterward, the upregulation of these gene transcripts was almost diminished after repeated treatment with minocycline.

More studies have suggested that Cd68, Iba-1 (ionized calcium-binding adaptor molecule-1, involved in microglial motility), Ox-42 (Cd11b, involved in microglial plasticity and motility), Msr-1(macrophage scavenger receptor 1, involved in phagocytosis), and Mhc-II (major histocompatibility complex II) are common markers of microglia activation (Booth and Thomas, 1991; Minett et al., 2016). As shown in Table 3, we found that, compared with sham rats, the Cd68, Msr-1, and Iba-1 transcripts were upregulated by >1 fold in hippocampus of CCI rats. After repeated treatment with minocycline, the Cd68, Msr-1, and Iba-1 transcripts were all obviously downregulated by >1 fold as compared with CCI rats. To our surprise, the Cd11b transcripts were upregulated by <1 fold (fold = 0.72, FDR = 9.34E-30) as compared with sham rats. Moreover, after minocycline treatment, the Cd11b transcripts were only downregulated by <1 fold (fold = 0.55, FDR = 7.70E-19) as compared with CCI rats.

It is clear that microglia/macrophages respond to acute brain injury by becoming activated and developing a pro-inflammatory profile of M1-like or anti-inflammatory profile of M2-like phenotypes (Perego et al., 2013; Luo et al., 2018). According to previous studies, M1 polarization could be determined by the expression levels of Cd86, as well as Il1β, Ccl2, Ccl3, and iNOS. M2 polarization could be ascertained by the increased expression of Arg1, Tgfβ1 (transforming growth factor beta 1), and Il4rα (Pusic et al., 2014; Wu et al., 2014; Ji et al., 2018; Luo et al., 2018). Cd206 (mannose receptor 1, Mrc1) is present in M1 and M2a microglia (Pusic et al., 2014; Wu et al., 2014; Ji et al., 2018; Luo et al., 2018). We noticed that peripheral nerve injury increased the expression of Cd86, Il1β, iNos, Ptges, Ccl2, Ccl3, and Mrc-1. At the same time, we also observed the increased expression of Tgfβ1, Il4rα, and Socs3. However, the expression of Arg1, another M2 marker, is decreased. It appears that minocycline obviously inhibits M1 activation (decreased expression of Cd86, Il1β, iNos, Ptges, and Mrc-1), thus reducing production of cytokines including Il1β, NO, PGs, Ccl2, and Ccl3 in CCI rats. On the other hand, as shown in Table 3, we found that, compared with sham rats, the Tgfβ1 and Il4rα transcripts were upregulated >1 fold (Tgfβ1: fold = 1.16, FDR = 2.58 E-49; Il4rα: fold = 1.03, FDR = 5.18 E-70) in the hippocampus of CCI rats. After repeated treatment with minocycline, the Tgfβ1 and IL4rα transcripts were downregulated by <1 fold as compared with CCI rats. Compared with sham rats, the Arg1 transcripts were downregulated by >1 fold in the hippocampus of CCI rats. Treatment with minocycline only slightly upregulated the transcriptional level of Arg1.

It is well known that some transcription factors have been shown to be directly or indirectly associated with the expression of inflammation-related cytokine genes. Compared with the sham group, the upregulated transcription factor genes were maff, Elf4, Nr2f2, Vgl13, Lst1, Runx3, Tfec, Sp5, Nfkbiz, Hlx, Spi1 (Pu.1), Fli1, Batf3, and Pax-1. Among them, we would like to mention that the levels of gene transcripts of Runx3, Tfec, Sp5, Nfkbiz, Hlx, Spi1, Fli1, Batf3, and Pax-1 were largely suppressed by minocycline. It is noteworthy that gene transcripts of Tfec, Nfkbiz, Hlx, Spil, Fli1, and Batf3 and Pax-1 were obviously increased in the CCI group compared with those of sham rats, and the expression of these genes returned to normal level after minocycline administration. On the other hand, as shown in Table 3, we found that, compared with sham rats, the Maff, Elf4, Vgl13, and Nr2f2 transcripts were upregulated by >1 fold in the hippocampus of CCI rats. After repeated treatment with minocycline, the Maff, Elf4, Vgl13, and Nr2f2 transcripts were slightly downregulated by <1 fold as compared with CCI rats. In addition, compared with sham rats, the Cartpt, Six3, Meox1, Tfap-2c, Ebf3, Mkx, and Mei4 transcripts were downregulated by >1 fold in the hippocampus of CCI rats. Among these transcripts, the Meox1 were obviously reversed by minocycline by >1 fold in the hippocampus of minocycline-treated CCI rats. However, the Cartpt, Six3, Tfap-2c, Ebf3, mkx, and Mei4 transcripts were not obviously reversed by <1 fold in minocycline-treated CCI rats. Individual genes in each category are listed below:


1) only upregulated in CCI rats: Maff, Elf4, Nr2f2, Vgl13, Lst1;

2) only downregulated in CCI rats: Cartpt, Six3, Ap-2c, Ebf3, Mei4;

3) upregulated in CCI and downregulated by minocycline: Runx3, Tfec, Sp5, Nfkbiz, Hlx, Spi1 (Pu.1), Fli1, Batf3, Pax-1; and

4) downregulated in CCI and upregulated by minocycline: Meox1.





Validation of Microarray Results

Many of the genes that were identified by microarray analysis should be subject to validation by RT-PCR. As shown in Figure 4, we observed that there has been a tacit agreement between the microarray and the PCR gene expression data in terms of changes in both magnitude and direction. The PCR data show that CCI induced the increased expression of cytokines (CXCL13, CXCL1, CCL2, CXCL11, CCL7, and CCL20), TLRs (TLR8 and TLR1), Iba-1 and M1 polarization markers (Cd68, iNOS, IL-1β), and transcription factors (Runx3, Nfkbiz, and Spil). The administration of minocycline did not change the expression of these inflammation-related genes in sham-operated rats (Figure 4). In agreement with the microarray data, minocycline treatment obviously suppressed the elevation in mRNA levels of these genes. Minocycline significantly diminished the upregulated Cd68, iNOS, and Il1β. It appears that transcription factors Runx3, Nfkbiz, and Spil may be involved in the minocycline-mediated analgesic effect and the increased production of inflammation-related cytokines in the hippocampus of neuropathic pain rats. Finally, we found that, between sham and minocycline-treated CCI rats, the expression of the inflammatory-related cytokines (Cxcl13, Ccl2, Cxcl11, Ccl7, and Ccl20), TLRs (Tlr8 and Tlr1), Iba-1 and M1 polarization markers (Cd68, iNOS, and Il1β), and transcription factor (Nfkbiz and Spil) have no statistical significance (Figure 4), which imply that, after minocycline treatment, the upregulated gene expression in CCI rats has returned to normal. On the other hand, between sham and minocycline-treated CCI rats, the expression of Cxcl1 and Runx3 was only partly suppressed by minocycline, which implies that these two genes' expression may be only partly modulated by microglia activity.
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FIGURE 4. RT-PCR showing the expression of Cxcl13, Cxcl1, Ccl2, Cxcl11, Ccl7, Ccl20, Iba-1, CD68, iNOS, IL-1β, TLR8, TLR1, Runx3, Nfkbiz, and Spil mRNA in the rat hippocampus (n = 6). +P < 0.05 and ++P < 0.01, compared with both the sham and sham+Minociclyne groups; **P < 0.01, compared with the CCI 7d group; this applies for all the genes. (A) The expression of CXCL13, CXCL1, CCL2, CXCL11, CCL7, CCL20 in the hippocampus. (B) The expression of Iba-1, CD68, iNOS, and IL-1β in the hippocampus. (C) The expression of TLR8 and TLR1 in the hippocampus. (D) The expression of Runx3, Nfkbiz, and Spil in the hippocampus.





DISCUSSION

We reported here the hippocampal genome-wide transcriptome profiling of rats in neuropathic pain status to elucidate minocycline-mediated analgesic effect at the molecular level. It is well known that the CCI model of neuropathic pain displays some symptoms that are very common in neuropathic pain patients including mechanical and thermal allodynia. Then, we screened the hippocampus of the CCI rats for DEGs.

It has also been proved that minocycline exerts an anti-nociceptive effect in different pain models. Recent studies revealed that the hippocampal CA1 region is more sensitive to ischemic injury and peripheral inflammatory stimulation (Sun et al., 2016; Song et al., 2018). In the present study, CCI operation reduced the threshold of paw withdrawal to a mechanical stimulation. After minocycline treatment, this mechanical allodynia was progressively reduced from 1 to 7 days, which suggests that minocycline reduced pain hypersensitivity by modulating the microglia function within the hippocampus at the early stage of neuropathic pain. On the other hand, it was reported that the onset of depressive-like behavior in CCI animals was 2 weeks following peripheral nerve injury (Xie et al., 2017; Gong et al., 2018). Moreover, minocycline treatment suppressed hippocampal cytokine accumulation and depression-like behaviors in different animal models of chronic pain, such as posttraumatic stress disorder-pain comorbidity (Sun et al., 2016), visceral pain (Zhang et al., 2016), bone Cancer Pain (Dai et al., 2019), and infant nerve injury (Gong et al., 2018). For this reason, we may propose here that minocycline treatment might reduce the risk of nerve injury-induced depression. More studies should be performed to detect the relationship between depression and chronic pain and the effects of minocycline.

We observed that minocycline at 1 μg/μl induced significant analgesic effect in comparison to CCI rats. Minocycline at doses of 2 and 5 μg/μl showed better analgesic effects in comparison to minocycline at a dose of 1 μg/μl. Minocycline at a dose of 5 μg/μl showed apparent elevations of the MWT in comparison with minocycline at a dose of 2 μg/μl. On the other hand, minocycline at 10 μg/μl produced a moderate antinociceptive effect in CCI rats. Minocycline at 15 μg/μl produced a slight but significant nociceptive effect. It seems the minimum dose of minocycline at 5 μg/μl shows the maximum analgesic effect. Recently, several studies also showed the negative action of minocycline in animal or cellular models for nervous system disorders. Similarly to what we observed in CCI rats, Matsukawa et al. also support the idea that neuroprotection is dose-dependent, in that only low doses of minocycline inhibit neuronal cell death cascades at the acute stroke phase, whereas high doses exacerbate ischemic injury (Matsukawa et al., 2009). A low dose of minocycline (25 mg/kg) showed protective effects, with reduced retinal ganglion cell loss and microglial activation, while a high dose of minocycline (100 mg/kg) showed damage effects, with more retinal ganglion cell loss and microglial activation in mice with retinal ischemia-reperfusion injury (Huang et al., 2018). An in vivo experiment from Li et al. also showed that intraperitoneal minocycline treatment (45 mg/kg) may induce delayed activation of microglia in aged rats and thus cannot prevent postoperative cognitive dysfunction (Li et al., 2018). For this reason, although our results do not directly investigate the influence and relevant mechanism of high doses of minocycline (10 and 15 μg/μl) on the neuronal excitability or synaptic strength, the present study suggests the possibility that a high dose of minocycline might regulate cell function in neuronal or non-neuronal cells within the hippocampus of CCI rats. In our experiments, the molecular weight of minocycline hydrochloride was 493.94. Then, 494 μg/μl corresponds to 1 M and 5 μg/μl to 104 μM, 10 μg/μl corresponds to 2 × 104 μM and 15 μg/μl corresponds to 3 × 104 μM. Pinkernelle et al. reported that application of 10 μM minocycline (24 h) was deleterious for spinal motor neuron survival (Pinkernelle et al., 2013). Incubation with 50 μM minocycline (24 h) resulted in increased cell metabolic activity in primary glial cultures. Application of 100 μM minocycline inhibited astroglia migration (24 h) and upregulated the elevated Cx43 protein expression (72 h) in rat spinal cord slices (Pinkernelle et al., 2013). A high dose of minocycline attenuated reductions in O1- and O4-positive oligodendrocyte progenitor cells and myelin content in hypoxia-ischemia-induced neuroinflammation and white matter injury in rats (Carty et al., 2008). However, we also noticed that 10 and 15 μg/μl showed poor analgesic effects within 2 h after minocycline treatment. A study on the protective effect of minocycline on ischemic stroke from Matsukawa et al. indicated that 75 min incubation with 10 μM minocycline induced increased Bcl-2 protein expression in striatum neurons. Moreover, application of 10 or 100 μM minocycline for 4 h displayed toxicity to both neurons and astrocytes in the striatum (Matsukawa et al., 2009). We also noticed that minocycline (30 min, 1 h, and 2 h after its injection) at doses of 10 and 15 μg/μl showed poor analgesic effects in comparison with minocycline at a dose of 5 μg/μl, and the poor effect was sustained for 7 days. It seems that the adverse effects of minocycline on neurons or non-neuronal cells may have occurred in a short period of time. Of course, the influence of different doses of minocycline on neurons or non-neuronal cells in the hippocampus remains to be further studied.

We found that, in the sham group vs. CCI group and minocycline-treated group vs. CCI group, the top 2 items of KEGG pathway are cytokine-cytokine receptor interaction and TLR pathway, which indicates that minocycline administration can regulate the expression of genes in these two pathways, and reversing these gene expression changes may be considered as one of the important reasons for minocycline-mediated analgesic effect. Nerve damage leads to glial activation and thus facilitates the production and release of pronociceptive factors such as interleukins and chemokines from glial cells. We noticed that, after sciatic nerve injury, IL-1β was the most striking interleukin that increased most seriously in hippocampus of CCI rats. Moreover, the increased gene expression of CXCL13, CXCL1, CCL2, CXCL11, and CCL7 in the rat hippocampus was observed after nerve damage. The increased chemokine expression was obviously suppressed by intra-hippocampal injection of minocycline. It appears that minocycline was able to reduce microglia activity efficiently, which led to the decreased expression of these genes. In addition, the increased expression of interleukins and chemokines should be regulated by some transcription factors. For example, the elevated expression of IL-1β was associated with binding of transcription factor Spil/Pu.1 to IL-1β promoter in activated inflammatory macrophage (Vanoni et al., 2017). Spil/Pu.1 can also bind to the CCL2 promoter and stimulate its expression (Sarma et al., 2014). Runx3 knockdown can induce the downregulation of CXCL11 in lung cancer cells (Kim et al., 2015). IκBz can function as a transcriptional activator of CXCL1 and CCL2, which are involved in inflammatory responses (Hildebrand et al., 2013; Brennenstuhl et al., 2015). Similarly, we also found that, compared to sham rats, IL-1β, CXCL1, CXCL11, CCL2, and transcription factor (Spil/Pu.1, Runx3, and IκBz) are obviously elevated at 7 days following nerve injury. After treatment with minocycline, these interleukins and chemokines and transcription factor were obviously decreased. It seems that the increased expression of interleukins and chemokines may be regulated by these transcription factors in the rat hippocampus after nerve injury.

In addition, nerve injury evoked the elevated expression of many different kinds of TLRs (TLR8, TLR1, TLR13, TLR7, TLR2, and TLR9) in the rat hippocampus. After treatment with minocycline, the elevated expression of these TLRs in the hippocampus was significantly lower compared to the CCI group. More recent studies suggest that TLRs play an important role in immune response by producing inflammatory cytokines and chemokines under pathological conditions. For example, TLR1, TLR2, TLR7, and TLR9 activation stimulated the production of IL-1β and MCP-1 in B cells (Agrawal and Gupta, 2011). TLR2 activation led to the accumulation of IL-1β and chemokines (CCL7, CCL8, CCL9, CXCL1, CXCL2, CXCL4, and CXCL5) in primary mouse microglial cells (Aravalli et al., 2005). TLR7 and TLR9 stimulation led to the accumulation of IL-1β, CCL2, CCL3, CXCL1, CXCL9, and CXCL10 in mouse brain (Butchi et al., 2011). It is reasonable to speculate that, in the hippocampus of CCI rats, activation of TLR signaling in the hippocampus by peripheral nerve injury may partially participate in the increased expression of these inflammatory cytokines or chemokines.

Some previous studies demonstrate that IκBz can serve as a nuclear inhibitor of NF-κB and is thought to have a key role in inflammatory responses. On the other hand, IκBz is induced quickly in monocytes and macrophages after LPS stimulation (Yamazaki et al., 2001). In the present experiments, the CCI-induced increased expression of IκBz was completely impaired in minocycline-treated CCI rats, suggesting a role for microglia activation in upregulated IκBz expression. It was reported that IκBz is obviously induced in macrophages after TLR or IL-1R stimulation (Hanihara et al., 2013). In chronic lymphocytic leukemia cells, TLR9 activation can lead to the increased IκBz expression and IgM release (Fonte et al., 2017). Inhibition of TLR1/TLR2 signaling suppressed D39-evoked IκBz expression in human monocyte (Sundaram et al., 2016). On the other hand, promoting IκBz degradation inhibits TLR-mediated inflammation and disorders (Hanihara-Tatsuzawa et al., 2014). Similarly, the absence of IκBz obviously suppressed B-cell activation and proliferation after TLR activation (Kimura et al., 2018). We also noted that TLR8, TLR1, TLR13, TLR7, TLR2, TLR9, and IκBz gene expression robustly increased in the hippocampus, and the expression was obviously impaired in minocycline-treated CCI rats. One possible explanation is that the upregulated IκBz gene expression may be associated with the increased TLR expression. In addition, microglia-mediated inflammatory reaction plays a double role in some nervous diseases due to two distinct phenotypes, including the neurotoxic reactive phenotype (M1) and neuroprotective M2 (Kobayashi et al., 2013; Tang and Le, 2016). In the present study, minocycline inhibits M1 activation, thus leading to decreased expression of inflammatory factors including IL-1β, CCL2, CCL3, and iNOS. Thus, it can be seen that dampening of M1 polarization is another possible mechanism of minocycline-medicated analgesia.

In summary, the DEGs were identified, and many inflammation-related genes including TLRs and chemokines were considered as important genes in the formation of neuropathic pain through pathway analysis of microarray data, which may help us to further understand the underlying molecular mechanisms of chronic pain. After the bioinformatics analysis of gene expression profiles, the expression of inflammation-related genes was further identified via the RT-PCR method. Although the results obtained from our experiments indicate that intra-hippocampal injection of minocycline exerts an analgesic effect and many inflammation-related genes may be involved in the formation of neuropathic pain, the study we conducted also has certain limitations that should be considered in future studies. In other words, further studies are required to further explore the roles of these inflammation-related genes in the hippocampus, where it is implicated in the formation of the neuropathic pain.
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Reverse

5'-GCTCGACCTTTATCAATCTAAT-3'

5'-GGCAGGGATTCACTTCAAGAACA-3'

5'-GTCGGCTGGAGAACTACAAGA-3'
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5'-CTACCAATCCTGGCTTCA-3
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Decreased: Crk
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Ctinh, Mbl, C2, C4, C6, Cr4, C5ar1
Decreased: Klkb1, Tfpi, Fh
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Decreased: Cntnap2, Mpz, Mhc1
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Vav, Wasp, Noft
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Decreased: Tap2,Rixap
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Decreased: Ac,Collagen

Minocyeline-treated group vs. CCl group

Decreased: lIgra, Cxcr3, Cxcl11, Cxcl13, Cxcl16, Cxcl4,
Cer7, Cel2, Cel3, Cclb, Ccl7, Osm, Bsf3, Csf3, Csf2rb,
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Increased: Stx7
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Increased: Crkll
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Increased: Mkk3, Mkk6
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Increased: F5, Fh, A2m, Fga

Decrease« 10, Par3, Par4, A2m, Pai, Upar, Bdkrb1,
Bdkib2, Cfi, Cfb, Cfd, C3, C6, G, 8,09, Claa, Clinh
G2, C4, C3art, Crd, CSart

Increased: Cldn, Cah2, Cdhd1

Decreased: Cd2, Cag6, Icos, Mhcll, Mhel, Cdg, Cd6.
Itgal, lcam3, PtprC, Selp, lcam, lcam2, Ngi1, Sdc, Mag
Increased: Rae-1

Decreased: lcam1, loam2, Trailr, Fas, Itgal, Foyrll,
Shp-1, Dap-12, Feerlg, Sap, Vav, Rac

Decreased: 1B, I-1r, Tnf-r1, Lbp, Cd14, Md-2, Ltb,
Baf, Btk, Ciap1, Ciap2, Tab, Carma, kb, I11p, lcam
Increased: Gnbi, Cric

Decreased: Gro, Cxcr2, Gnb1, Stc, Vav, CrkRac,
Wasp, b

Decreased: li-1, ll-1r, Tnfr1, Oscar, Fery, Dap12, Btk,
Socst, Socs3, Tab, Tab2, Nadph, Ib, Spi1
Decreased: Iga, C72, Shp1, Fegr2b, Leut, B, Vav,
Rac, Card11, Ikb
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Increased: Colta,Fg

Decreased: Clita, Parl, Par4, P2x1, Fery, Pigk, Bik,
Toxas1, Fermt3, Fogr2a
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Fold FDR Fold FDR Fold FDR
change change change

Cxel3 +7.03 7.02E-236 -8.42 275 E-207 ~1.39 0.13
Crelt +5.44 2.07E-31 ~187 175 E-13 +357 2.18E-08
Col2 +5.35 1.35€-48 -665 1.77 €47 -130 026
Crelt1 +4.80 2.95E-26 —4.45 275E-25 +0.35 072
Cel? +427 1.026-17 725 4.73E-18 0 0
Cel20 +3.46 0003003 —3.44 00029 002 099
Cel3 +2.40 0000803 -338 447 E05 -098 0.42
Cle +2.22 347E-12 -320 28947 -098 007
Cels +1.61 303607 -3.48 6.45E-16 —1.87 0
Cxelte +127 6.02E-31 ~188 1.70 €63 ~0561 528605
INos +5.46 272606 —5.44 267 E-06 0 0
1 +434 9.98E-19 -3.15 44TE15 +1.19 0.15
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P21y6 +1.49 4.35E-44 -133 820E-37 +0.17 021
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Fas +1.22 1.79E-05 ~137 268E06 -0.15 068
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o +1.06 0,0001 ~165 8.08E08 ~0.60 0.10
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Cdes +3.45 991E-95 -290 1.19E-80 +054 005
Msr-1 +2.01 7.98E-21 —194 7.27 £:20 007 082
Iba-1 +1.16 3.94E-46 -1.16 1.28E-45 0 098
Ox-42 (Cd11b) +0.72 9.34E-30 -055 7.70E-19 +0.17 001
Piges +347 4.28E-49 -2.48 202E85 +0.99 001
Mret +2.85 443 E-129 —2.71 694 E-122 +0.13 0.48
Ccdss +1.46 1.41E-07 -186 320 E-10 -0.41 027
Tofpt +1.16 258 E-49 -096 4.06E-36 +0.20 003
Argt ~1.06 81917 +0.43 0 -0.62 5.18£:08
ILar +1.03 518 E-70 -0.14 0 +0.90 3.18E-51
Runx3 +6.39 742 E-11 -3.79 1.51 E09 0 0
Trec +3.95 5.47 E-17 -525 713E-19 -1.30 026
Pax-1 +3.70 0.0009 -4.68 0.0004 0 0
Batf3 +2.67 0.0005 -1.08 4.69E-08 -0.11 062
Sp5 +247 6.15 E-06 —1.42 0.00076 +0.76 020
Hix +1.58 904 E-28 ~126 1.85 E-11 +0.32 0.18
Nikbiz +1.46 9.25E-28 —2.02 112 E-42 -056 0
Spit (Pu.1) +133 257E-34 —1.19 1.12E-28 +0.15 027
Fiit +1.21 3.04E-35 —1.11 133 E-30 4010 039
Lstt +2.39 00001 ~129 001 +1.10 0.14
Maff +1.67 1.72E-09 ~0.45 0.04 +1.23 2.50E-05
Eff4 +1.39 646 E-11 -095 1.93-06 +0.45 007
vgi13 +138 340E51 +0.66 250624 +2.04 2.25E-140
Nr2f2 112 289 E-144 +0.59 1.82E-74 172 0
Cartpt —2.30 214E70 +0.47 023 -2.18 0
Six3 ~168 6.84E:06 -057 020 —2.25 1.48£-08
Meox1 —164 7A3E05 +1.11 001 -053 0.10
Trap-2c ~155 18405 +0.28 031 —1.27 0
Ebf3 —1.40 205 E-05 —0.44 022 —1.84 7.326-08
Mic —1.12 227 E-08 ~0.003 0.49 —1.12 7ATE09
Meid -1.00 291E:05 +0.09 04 -091 6.09E-05

Cxcl13, C-X-C moltif chemokine ligand 13; Cxcl, G-X-C motf chemokine ligand 1; Ccl2, C-C motif chemokine ligand 2; Cxcl11, C-X-C motif chemokine ligand 11; Ccl7, C-C motif
chemokine ligand 7; Ccl20, C-C motif chemokine ligand 20; Cel3, C-C motif chemokine ligand 3; Cclb, C-C motif chemokine ligand 6; Ccl5, C-C motif chemokine ligand 5; Cxcl16,
C-X-C motif chemokine ligand 16; Nos, nitric oxide synthase 2; Il interleukin 1 beta; 18rap, interleukin 18 receptor accessory protein; Socs3, suppressor of cytokine signaling 3; C3,
complement C3; T8, tolllie receptor 8; Piges, prostaglandin E synthase; Mt1, metellothionein 1; I120rb, interleukin 20 receptor subunit beta; Tirl, tol-like receptor 1; 215 interleukin
21 receptor; i2rb, interleukin 2 receptor subunit beta; Tfrsf1b, TNF receptor superfamiy member 18; Hpgds, hematopoetic prostaglandin D synthase; Tir13, toll-lke receptor 13; Iir1,
interleukin 1 receptor type 1; I8, interferon regulatory factor 8; Card11, caspase recruitment domin family, member 11; P21y, pyrimidinergic receptor P2Y6; Tir, tol-lie receptor 7;
Caspd, caspase 4; Fas, Fas cell surface death receptor; Tir2, tolllike receptor 2; Tir9, toll-ike receptor 9; Titab, TIFA inhibitor; Cdi68, Cdl68 molecule; Msr-1, macrophage scavenger
receptor 1; Iba-1, ionized calcium binding adaptor molecule 1; Cd 1b, Complement receptor 3; Mrc1, mannose receptor, C type 1; Cdg6, CD86 molecue; Tgff1, transforming growth
factor, beta 1; Arg1, arginase 1; ILdre, interleukin 4 receptor; Runx3, runt-related transcription factor 3; Pax-1, paired box 1; Batf3, basic leucine zipper ATF-like transcription factor 3;
Sp5, Sp5 transcription factor; Hix, H2.0-like homeobox; Nikbiz, NFKB inhibitor zeta; Spit, Spi-1 proto-oncogene; Fil, Fil-1 proto-oncogene; Lst1, leukocyte specific transcript 1; Maf,
MAF bZIP transcription factor F; Eifd, E74 like ETS transcription factor 4; Vgl13, vestigiel-ike family member 3; Nr2f2, nuclear receptor subfemily 2; Cartpt, CART prepropeptide; Six3, SIX
homeobox 3; Meox1, mesenchyme homeobox 1; Tiep-2c, transcription factor AP-2 gamme; Ebf3, EBF transcription factor 3; Mix, mohawk homeobox; Meid, meiotic double-stranded
break formation protein 4).
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Primary antibody ~Immunogen Host Code/clone Dilution Manufacturer
NeuN Recombinant mouse NetN GuineaPig  ABN9O 1:2,000  Milipore, Billerica, MA, USA

CR Recombinant human CR Rabbit 7699/3H Swant, Belinzona, Switzerland

Iba-1 C-terminus of Iba1” (N'-PTGPPAKKAISELP-C')  Rabbit 019-19741 Wako Pure Chernical Industries, Neuss, Germany
GFAP Cow spinal cord GFAP Rabbit 70334 Dako, Glostrup, Denmark

GLAST C-terminus of EAATY of human origin Goat SC-7757 Santa cruz Biotechnology, Inc. Germany

GLT-1 Carboxy-terminus of rat GLT-1 Guineapig AB1783 Millpore, Billerica, MA, USA

mGIURTa Mouse MGIUR1a, 945-11277aa Rabbit GO46-mGIUR1a-AG Frontier Institute, Japan
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gCCgCTAgAggTgAAATTCTTg

CATT

HEX

FAM

CTTggCAAATgCTTTCg
ACCgCgCAAgACggACCAg[BH2]

AgCAAAgACCCCAACQAGAA
99CggCggTCACgAA

CgCgATCACATggTCCTgCTgg[BH1]

CgC

FAM
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gAgCAgTgACTCAAAT

CgATTCCgCTCTCTTCTAGg
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Markers 1 day MG+Ad5-EGFP 1 day MG+Ad5-GDNF 7 day MG+AdS5-EGFP 7 day MG+Ad5-GDNF 14 day MG+AdS5S-EGFP 14 day MG+Ad5-GDNF

CD11b 30 + 5% 25+ 3% 30 £ 5,5% 23+ 1,5% 18,5+ 1,5% 26+ 3,5%
CD16 98 +£0,5% 94 + 83,5% 45 £ 3% 60 £5,5% 11+0,5% 11+1,5%
CD40 99 +0,5% 98 £ 0,5% 36 +4,5% 22+ 2,5% 11+1,5% 8+0,5%
CD45 86 + 5% 83+ 3% 45 +4,5% 40 £2,5% 15,56+ 1,5% 1+0,5%*
CD86 99 +0,5% 99 +0,5% 96 £+ 0,5% 94 +1,5% 99 +0,5% 92 £0,5%
CD163 84 + 5% 76 £ 3,5% 30+2,5% 30+ 2% 11,56+ 0,5% 8+0,5%
CD200 98+ 1% 9B +2,5% 40 £ 2,5% 30+ 3,5% 10+ 0,5% 10+1%

CD206 35+1,5% 35+1% 42 +2,5% 35+ 5,5% 14 +1,5% 183+1%

*P < 0.05, compared to MG+Ad5-EGFP in the relevant period.
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