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Deletion of CD38 Suppresses Glial Activation and Neuroinflammation in a Mouse Model of Demyelination
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CD38 is an enzyme that catalyzes the synthesis of cyclic adenosine diphosphate-ribose from nicotinamide adenine dinucleotide (NAD+). We recently reported that this molecule regulates the maturation and differentiation of glial cells such as astrocytes and oligodendrocytes (OLs) in the developing brain. To analyze its role in the demyelinating situation, we employed cuprizone (CPZ)-induced demyelination model in mice, which is characterized by oligodendrocyte-specific apoptosis, followed by the strong glial activation, demyelination, and repopulation of OLs. By using this model, we found that CD38 was upregulated in both astrocytes and microglia after CPZ administration. Experiments using wild-type and CD38 knockout (KO) mice, together with those using cultured glial cells, revealed that CD38 deficiency did not affect the initial decrease of the number of OLs, while it attenuated CPZ-induced demyelination, and neurodegeneration. Importantly, the clearance of the degraded myelin and oligodendrocyte repopulation were also reduced in CD38 KO mice. Further experiments revealed that these observations were associated with reduced levels of glial activation and inflammatory responses including phagocytosis, most likely through the enhanced level of NAD+ in CD38-deleted condition. Our results suggest that CD38 and NAD+ in the glial cells play a critical role in the demyelination and subsequent oligodendrocyte remodeling through the modulation of glial activity and neuroinflammation.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory, demyelinating, and degenerative disease of the central nervous system (CNS), and has been one of the leading causes of neurological disability among young adults. Although MS is generally considered an autoimmune disorder (Compston and Coles, 2008), evidence suggests that the activation of glial cells is also a prominent feature of the demyelinating lesions (Cao and He, 2013; Bond et al., 2014), and that progressive MS is associated with chronic activation of glial cells in the CNS (Lassmann et al., 2012).

Cuprizone (CPZ)-induced experimental demyelination is a suitable rodent model to study the mechanisms leading to demyelination and subsequent remyelination in the CNS without a significant autoimmune lymphocytic response (Remington et al., 2007). In this model, the first pathological event is the selective apoptotic death of mature oligodendrocytes (OLs) in particular brain regions such as the corpus callosum (CC), which results in primary demyelination (Blakemore, 1972). However, the pathology of CPZ-induced demyelination also includes prominent astrocytic reactions and microglial invasion (Praet et al., 2014). In this model, astrocytes were suggested to exert an immune response through the expression of cytokines and recruitment of microglia to demyelinating lesions (Williams et al., 2007; Gudi et al., 2014). Recent studies demonstrated that ablation of astrocytes or astrocyte-targeted production of interleukin-6 led to a reduction in the activation and invasion of microglia into demyelinating lesions, which resulted in delayed demyelination and subsequently delayed oligodendrocyte precursor cell (OPC) proliferation, and remyelination (Skripuletz et al., 2013; Petkovic et al., 2016). Regarding microglial activation, some in vitro data suggest that CPZ-induced OL apoptosis requires the presence of microglia-derived proinflammatory mediators such as TNFα and inducible nitric oxide synthase (iNOS) (Pasquini et al., 2007; Raposo et al., 2013).

CD38 is an enzyme that catalyzes the synthesis of cyclic adenosine diphosphate-ribose (cADPR) from nicotinamide adenine dinucleotide (NAD+) (Lee, 2001; Malavasi et al., 2008). CD38 has been shown to promote the secretion of oxytocin from hypothalamic neurons and insulin from pancreatic beta cells (Takasawa et al., 1993; Jin et al., 2007). In the brain, however, CD38 expression has been observed not only in oxytocin neurons, but also in glial cells, including astrocytes and microglia (Yamada et al., 1997; Akimoto et al., 2013). We have demonstrated that astrocytic CD38 regulates maturation of astrocytes and differentiation of OPCs into OLs by consuming NAD+ in the brain under physiological conditions (Hattori et al., 2017). In pathological conditions, CD38 has been reported to be involved in the activation of microglia and astrocytes in mouse models of glioma and traumatic brain injury, and human HIV-infected brains (Kou et al., 2009; Levy et al., 2009, 2012). However, the role of CD38 in demyelination is still unclear, although its involvement in the modulation of T-cell activation was reported in the experimental autoimmune encephalomyelitis (EAE), another widely used animal model of MS (Herrmann et al., 2016).

In this study, we investigated the role of CD38 in CPZ-induced demyelination model. We found that CD38 was upregulated in both astrocytes and microglia in the demyelinating area after CPZ administration. CD38 deficiency attenuated glial activation and demyelination, most likely through the enhanced level of NAD+, while it suppressed myelin clearance, and OL repopulation. These observations suggest critical roles of CD38 and NAD+ in the glial cells in the processes of demyelination and neuroinflammation.

MATERIALS AND METHODS

Chemicals

The chemicals used in this study are as follows: bis-cyclohexanone oxaldihydrazone (CPZ) (C9012, Sigma-Aldrich, St. Louis, MO, United States), LPS (20389-04, Nacalai Tesque, Kyoto, Japan), β-NAD+ (24334-97, Nacalai Tesque), 8-bromo-cADPR (8-Br-cADPR) (151898-26-9, Santa Cruz Biotechnology), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) (29893-1, Nacalai Tesque), and phenazine methosulfate (PMS) (26712-51, Nacalai Tesque).

Animals

Wild-type (WT) and CD38 knockout (KO) male ICR mice were used for the experiments (body weight; 30–35 g). CD38 KO mice were generated as described previously, and backcrossed for more than eight times (Kato et al., 1999). All mice were housed at mouse cage (345 mm × 168 mm × 140 mm) in a temperature-controlled room (24°C) with a 12 :12 light-dark cycle. The animals were killed at various time points as described in Section “Results.” All animal experiments were performed in accordance with the guidelines and approved by the Animal Care and Use Committee of Kanazawa University (AP-143305).

Cuprizone Administration

To induce demyelination in 10-week-old ICR male mice, they were administered a diet containing 0.4% CPZ mixed into standard rodent chow ground into a fine powder, as previously described (Song et al., 2007). The powder was served in small ceramic bowls placed into the cages, which were cleaned twice weekly. The mice were fed CPZ for 1, 2, 3, or 5 weeks. Control mice were fed standard rodent chow.

Quantitative Real-Time Polymerase Chain Reaction

RNA was extracted from brain tissue or cultured cells using RNeasy® Mini Kit (74106, Qiagen, Hilden, Germany). Total RNA was reverse-transcribed using the High-Capacity cDNA Reverse Transcription Kit (4368814, Applied Biosystems, Warrington, United Kingdom) and analyzed by quantitative real-time polymerase chain reaction (RT-qPCR). RT-qPCR was performed as previously described (Hattori et al., 2010). Individual cDNA sequences were amplified using the ThunderbirdTM SYBR qPCR® Mix (QPS-201, Toyobo Co., Ltd.) using specific primers. The comparative Ct method was used for data analyses in MxPro 4.10 (Agilent Technologies). Specific ratio comparisons (gene of interest/Gapdh) were used to evaluate differences in transcript expression between groups. The primer sequences are listed in Supplementary Table 1.

Western Blot Analyses

Samples from brains or cultured cells were homogenized in a buffer containing 1% NP-40, 0.1% sodium dodecyl sulfate (SDS), and 0.2% deoxycholate. Denatured lysates were electrophoretically separated using SDS-polyacrylamide gel electrophoresis, and proteins were transferred onto polyvinylidene fluoride membranes. The membranes were then blocked in 5% skimmed milk for 30 min, incubated with anti-CD38 (AF4947, R&D systems, MN, United States, 1:500), anti-glial fibrillary acidic protein (GFAP) (G9269, Sigma, MO, United States, 1:5,000), anti-ionized calcium binding adaptor molecule 1 (Iba1) (019-19741, Wako, Osaka, Japan, 1:500), or anti-myelin basic protein (MBP) (MAB396, Merck Millipore, Darmstadt, Germany, 1:1,000) antibodies for 12 h at 4°C. The primary and secondary antibodies (for details see Supplementary Table 2) were used according the manufactures’ instructions. The membranes were then incubated with anti-rabbit (SC-2004, 1:5,000), anti-mouse (SC-516102, 1:5,000), anti-goat (SC-2354, 1:1,000) or anti-rat (NA9350, Amersham Pharmacia biotech, 1:1000), horseradish peroxidase-linked immunoglobulin G (Cell Signaling Technology, Tokyo, Japan) for 2 h at room temperature. Immunoreactivity was detected using an enhanced chemiluminescence system (GE Healthcare Bio-Sciences, PA, United States). Densitometric quantification was performed using ImageJ software (https://imagej.nih.gov/ij/).

Immunohistochemistry

After perfusion with 4% paraformaldehyde (PFA), brains were removed from mice and subjected to post-fixation in 4% PFA, followed by dehydration in 30% sucrose. Twenty micrometer-thick sections from bregma +1.2 mm to bregma -1.4 mm were obtained using a cryostat (CM1950, Leica, Nussloch, Germany). To evaluate demyelination, endogenous peroxidase activity was blocked with 0.3% H2O2 in 70% methanol for 30 min. After blocking with normal goat serum, the sections were incubated with anti-MBP (MAB396, Merck Millipore, 1:100), anti-degraded MBP (dMBP) (AB5864, Merck Millipre, 1:2000), or anti-Amyloid Precursor Protein (APP) (MAB348, Millipore, 1:200) antibodies for overnight at 4°C. After washing in phosphate-buffered saline (PBS), the sections were incubated for 30 min at room temperature with the secondary antibody (MP-7444, MP7402, MP7401, ImmPRESS reagent, Vector Laboratories, Peterborough, United Kingdom), followed by further incubation in a peroxidase substrate solution [SK-4105, ImmPACT 3′-diaminobenzidine (DAB), Vector Laboratories). Demyelination areas in the CC were analyzed by light microscopy at 20× magnification (BZ-X710, Keyence) and quantified using ImageJ software. To determine the percentage of demyelination, the demyelinating area was divided by the total area.

For the detection of GFAP, Iba1, SMI-32, Platelet-derived growth factor receptor alpha (PDGFRα), adenomatous polyposis coli (APC), the sections were processed for immunostaining with antibodies against GFAP (1:2000), Iba1 (1:500), SMI-32 (801701, Biolegend, CA, United States 1:500), PDGFRα (sc-338, Santa Cruz Biotechnology, 1:500) and APC (OP80, Calbiochem, CA, United States, 1:100). Alexa488- or Cy3-conjugated secondary antibodies were used to visualize immunolabeling. Immunofluorescent staining of primary cultures was performed as previously described (Hattori et al., 2007). Imaging was performed on a laser scanning confocal microscope (Eclipse TE2000U, Nikon, Tokyo, Japan) using Nikon EZ-C1 software or a fluorescence microscope (BZ-X710). The numbers of APC-, GFAP-, and Iba1-positive cells with identified nuclei [4′,6-diamidino-2-phenylindole (DAPI)-stained] in the medial part of the CC from 2 sections per mouse were determined at a magnification of 20× (BZ-X710). The results are presented as the number of cells per mm2.

In situ Hybridization-Immunohistochemistry

In situ hybridization was performed as previously described (Hattori et al., 2014). cDNA fragments of mouse CD38 were amplified by reverse transcription-PCR using the sense/antisense primer set of 5′-ATGCAGGGCGGGGGTCCCCGG- 3′/5′ -TCAGGCCTCGGTTTCCTGAG- 3′, and used as templates for probe synthesis. In brief, brains were removed from mice after perfusion with PBS and immediately placed at -80°C. Serial 14 μm-thick coronal sections were obtained using a cryostat and hybridized with digoxigenin-labeled Cd38 RNA probes. After development and thorough washing, the brain sections were subjected to immunohistochemistry using primary antibodies such as polyclonal rabbit anti-GFAP (1:2,000), polyclonal rabbit anti-Iba1 (1:200), and mouse anti-APC (1:100). The sections were incubated with primary antibodies overnight at 4°C, and, after washing, were incubated with the secondary antibody (ImmPRESS reagent, Vector Laboratories) for 30 min at room temperature. After washing with PBS, the sections were incubated in a peroxidase substrate solution (ImmPACT DAB, Vector Laboratories). The numbers of GFAP- and Iba1-positive cells with CD38 mRNA expression in two sections per mouse were determined using a light microscope at a magnification of 40× (BZ-X710). Data are presented as the number of cells per mm2.

Electron Microscopy

Mice were perfused with heparinized ringer solution followed by a fixative consisting of 2% paraformaldehyde and 2.5% glutaraldehyde in 30 mM HEPES-NaOH buffer (pH 7.4). The CC was cut from brains removed 2 h after perfusion and then fixed with the same fixative by immersion at 4circC overnight. After washing with 30 mM HEPES-NaOH buffer (pH 7.4), the tissue blocks were post-fixed with 1% OsO4 for 2 h, dehydrated in increasing concentrations of ethanol, and embedded in Quetol 812 resin (NISSIN EM Co., Tokyo, Japan) at 65°C for 24 h. Sagittal-Vertical ultrathin sections were cut at about 80 nm thickness using an ultramicrotome (LKB-8800, LKB produkter, Bromma, Sweden) and collected on nickel grids (NISSIN EM Co.). The sections were stained with uranyl acetate and lead citrate, and analyzed in a transmission electron microscope (EM; JOEL, Tokyo, Japan) using an accelerating voltage of 80 kV. The photographs were analyzed using Image J Software to calculate the g-ratio. The g-ratio was calculated as previously described (Goebbels et al., 2010). To study the demyelinated axons of the CC, serial 1 μm-thick semi-thin sections were cut with a glass knife, stained with 1% toluidine blue, and examined by light microscopy at a magnification of 60× (BZ-X710). The number of myelinated axons was calculated as previously described (Fan et al., 2017). Eight sections, with an area of 650 μm2 per section, were evaluated from 4 animals for each group. 100 axons from 2 mice in each group were analyzed to determine the g-ratio.

Analysis of NAD Levels in the CC

Nicotinamide adenine dinucleotide (NAD+ + NADH) levels were determined as previously described (Shibata and Murata, 1986). In brief, the CC was harvested from WT and CD38 KO mice after administration of CPZ for 5 weeks. The tissue was weighed and homogenized in an extraction buffer or 50 mM potassium phosphate buffer (pH 6.0) containing 100 mM nicotinamide using hand-held homogenizers. The samples were centrifuged at 8000 ×g for 3 min following incubation at 90°C for 1.5 min. The supernatant (50 μl) was incubated at 37°C for 10 min in 32.5 mM glycylglycine-NaOH buffer, 50 mM nicotinamide, 0.25 M EtOH, 0.083 mg/ml MTT, and 0.27 mg/ml PMS (pH 7.4). After the addition of alcohol dehydrogenase (12.5 IU/ml), the increase in absorbance at 570 nm was monitored using a Multiskan GO Microplate Spectrophotometer (Thermo Fischer Scientific, MA, United States). The values were normalized to milligrams of tissue or protein.

Glial Cell Cultures

Cerebral cortices from WT and CD38 KO neonatal mice (P1 to P3) were harvested and digested at 37°C by Dispase II (383-02281, 2 mg/mL, Wako). The Cells were plated in 75-cm2 culture flasks (Corning) in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (172012, Sigma-Aldrich) and penicillin and streptomycin (26239-42, 32204-92, Nacalai Tesque). The cells were collected after 14 days of cultivation. They were then incubated with CD11b (microglia) MicroBeads (130-093-634, microbeads conjugated to monoclonal anti-human/mouse CD11b antibody, Miltenyi Biotec, Bergisch Gladbach, Germany) for 15 min at 4°C. The cells were then washed in separation buffer and centrifuged at 300 ×g for 10 min. They were resuspended in the same buffer and applied to a magnetic column fitted into a QuadroMACSTM cell separator (Miltenyi Biotec). The cells were separated into CD11b-positive or CD11b-negative fractions and plated onto poly-L-lysine-coated plastic culture dishes. The CD11b-positive fraction, which contained microglia (>97% of the cells were Iba1 positive), was used for the experiments 24 h after plating. The CD11b-negative fraction, which contained astrocytes (>92% of the cells were GFAP positive), was plated and used for experiments after reaching confluence.

Small Interference RNA

Silencing of CD38 was performed by transfecting the cells with small interference RNAs (siRNAs), as previously described (Hattori et al., 2017). The targeted sequence of the mouse CD38 was as follows: 5′ -GGACCCAAATAAGGTTCA- 3′. We used Stealth RNAiTM siRNA negative control Med GC from Thermo Fisher Scientific as a control siRNA (12935-300). Microglia were transfected with siRNA 1 day after plating, while astrocytes were transfected with siRNA 4 and 6 days after plating. Two days later, the cells were treated with LPS (100 ng/ml) for 6 h, and total RNA was isolated for qRT-PCR.

Phagocytosis Assays

The microglia phagocytosis assay was performed using myelin debris with or without LPS at the concentration of 100 ng/ml, as previously described (Clarner et al., 2015). In brief, the CC was harvested under sterile conditions from adult ICR mice, and the cerebral cortices were carefully removed. The samples were homogenized in PBS using an ultrasonic converter and centrifuged at 1,000 ×g for 10 min. The supernatant was used as myelin debris. Myelin debris at the concentration of 15 μg/ml was used to assess the phagocytic activity of cells. After 24 h of LPS stimulation, immunocytochemistry was performed using anti-Iba1 (1:200) and anti-MBP (1:200) antibodies overnight at 4°C. Five independent microglia cultures were evaluated using a light microscope at a magnification of 20× (BZ-X710, Keyence). Phagocytic activity is presented as the percentage of myelin-containing microglia in the total number of microglia.

Statistical Analysis

The experimental results are expressed as mean ± standard error of the mean (SEM), with the number of experiments indicated by (n). No statistical evaluations were performed to predetermine sample sizes, but our sample sizes are similar to those generally used in the field. One-way ANOVA followed by Tukey-kramer test or two-way ANOVA followed by Scheffe’s F test was used for the statistical analysis. P values <0.05 were considered statistically significant.

RESULTS

CD38 Expression Was Increased During CPZ Administration

We first investigated the expression of CD38 in the CC in WT mice at different time points after CPZ administration. RT-qPCR revealed that the expression of CD38 mRNA was significantly increased 5 weeks after CPZ administration (Figure 1A). Western blotting also revealed that the expression of CD38 protein was gradually increased and reached a significantly higher level 5 weeks after CPZ administration when compared to that in the normal condition (Figure 1B). In situ hybridization confirmed the induction of CD38 mRNA in the CC 3–5 weeks after CPZ administration (Figure 1C). Furthermore, in situ hybridization-immunohistochemistry using cell type-specific antibodies revealed that the levels of CD38 transcripts were significantly increased both in GFAP-positive astrocytes and in Iba1-positive microglia (Figures 1D,E) 3–5 weeks after CPZ administration. Consistent with our recent report (Hattori et al., 2017), the number of CD38-positive cells among APC-positive OLs was much lower than that of GFAP-positive astrocytes (Supplementary Figure 1).
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FIGURE 1. CD38 expression was increased in demyelinating lesions. (A) RT-qPCR analysis for Cd38 mRNA expression in the CC after administration of CPZ for 1, 3, and 5 weeks n = 5. (B) Western blotting analyses of CD38 in the CC after different periods of CPZ administration. The graph depicts the relative optical density of CD38 normalized to the loading control glyceraldehyde 3-phosphate dehydrogenase (GAPDH) n = 5. (C) In situ hybridization analyses in the CC after administration of CPZ for different period using an antisense RNA probe to Cd38. Scale bar: 100 μm. (D,E) Double in situ hybridization-immunohistochemistry analyses in the CC after CPZ administration for 3 and 5 weeks with an antisense RNA probe to Cd38 and antibodies against GFAP (upper) and Iba1 (lower). Yellow arrowheads indicate Cd38-expressing astrocytes or microglia. The graph depict the numbers of Cd38/GFAP- or Cd38/Iba1-positive cells in the CC after CPZ administration for 3 and 5 weeks, n = 4. Data are expressed as mean ± SEM. Scale bars: 20 μm. P values are determined by one-way ANOVA followed by Tukey-kramer test. ∗p < 0.05 and ∗∗p < 0.01 vs. control.



Demyelination Was Attenuated, but Myelin Clearance Was Reduced in CD38 KO Mice

To investigate the role of CD38 in the process of demyelination, CPZ was administered to both WT, and CD38 KO mice for 5 weeks. Demyelination was analyzed by immunohistochemistry for MBP. The normal myelin pattern was observed in the CC of mice from both genotypes under physiological conditions (Figure 2A). In contrast, demyelination was observed 3 weeks and then strongly increased 5 weeks after CPZ administration in WT mice (upper panels in Figure 2A). Interestingly, demyelination was significantly decreased in CD38 KO mice 5 weeks after CPZ administration (lower panels in Figure 2A). To evaluate whether preserved myelin in CD38 KO mice was functionally intact or degraded, we performed immunohistochemistry for dMBP (Figure 2B). The degraded myelin was increased in both genotypes, but the level was higher in CD38 KO mice than in WT mice 5 weeks after CPZ administration, suggesting that the preserved myelin in CD38 KO mice includes the degraded one. Toluidine Blue staining of semi-thin sections of the CC confirmed a strong reduction in the number of myelinated axons in both genotypes 5 weeks after CPZ administration, but the level was milder in CD38 KO mice than in WT mice (Figure 2C). Furthermore, ultrastructure analyses using electron microscopy revealed nearly complete demyelination in WT mice (Upper panels in Figure 2D), while relatively preserved myelin, and improved g-ratio in CD38 KO mice (lower panels in Figure 2D and the graph) 5 weeks after CPZ administration. However, the majority of the remaining myelin in CD38 KO mice showed an altered myelin structure. The myelin sheaths in CD38 KO mice displayed splits/breakdown and vacuoles (red and yellow arrowheads, respectively, in Figure 2D). Additionally, activated microglia with many phagocytozed materials, probably degraded myelin, were often observed in WT mice, but not in CD38 KO mice, after CPZ administration (Supplementary Figure 2).
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FIGURE 2. Demyelination was attenuated in CD38 KO mice. (A) Representative images of MBP immunohistochemistry in the CC of control and CPZ-administered (3 and 5 weeks) WT and CD38 KO mice. Scale bar: 200 μm. The graph shows densitometric analysis of the demyelinating areas in the CC of control and CPZ-administered (3 and 5 weeks) WT and CD38 KO mice, n = 4. (B) Representative images of dMBP immunohistochemistry in the CC of control and CPZ-administered (5 weeks) WT and CD38 KO mice. Scale bar: 200 μm. The graph shows densitometric analysis of the demyelinating areas in the CC of control and CPZ-administered (5 weeks) WT and CD38 KO mice, n = 4. (C) Toluidine blue staining of semi-thin resin sections of the CC of control and CPZ-administered (5 weeks) WT and CD38 KO mice. The graph shows the number of myelinated axons in the CC (n = 4 in each group). Scale bar: 5 μm. (D) Representative electron microscopic images of sagittal-sections of the CC of control and CPZ-administered (5 weeks) WT and CD38 KO mice. Right panels show higher magnification of the boxed areas in the middle panels. Yellow and red arrowheads in the lower panels indicate vacuoles and sheath breakdown in the myelinated axons, respectively. The graph shows g-ratio (axon diameter/fiber diameter) of the myelin sheath (n = 100 axons in each group). Scale bar: 1 μm. Data are expressed as mean ± SEM. P values are determined by two-way ANOVA followed by Scheffe’s F test. ∗∗p < 0.01 between two conditions.



Axonal Damage Was Attenuated in CD38 KO Mice

It has been reported that, together with extensive demyelination, CPZ administration causes axonal damage which is characterized by axonal swelling and bulb-like formation (Piaton et al., 2010). These structures include deposits of APP (Petkovic et al., 2016) and dephosphorylated neurofilament (Herrero-Herranz et al., 2008; Havranek et al., 2017). To analyze the extent of axonal damage after CPZ administration, we performed immunohistochemistry using anti-APP antibody (Figure 3A) and anti-SMI-32 antibody (Figure 3B), the latter recognizes non-phosphorylated forms of neurofilament H. More APP- and SMI-32-positive deposits were observed in WT mice than in CD38 KO mice after CPZ administration. These results suggest that CPZ-induced axonal damage was attenuated in CD38 KO mice.
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FIGURE 3. Axonal damage was attenuated in CD38 KO mice. (A) Representative images of APP immunohistochemistry in the CC of control and CPZ-administered (5 weeks) WT and CD38 KO mice. Lower panels show higher magnification of the boxed areas in the upper panels. Arrowheads indicate APP-positive cells. The graph represents the number of APP-positive axons in the CC of control and CPZ-administered (5 weeks) WT and CD38 KO mice, n = 4. (B) Representative images of SMI-32 immunohistochemistry in the CC of control and CPZ-administered (5 weeks) WT and CD38 KO mice. The graph represents the number of SMI-32-positive axons in the CC of control and CPZ-administered (5 weeks) WT and CD38 KO mice, n = 4. Data are expressed as mean ± SEM. P values are determined by two-way ANOVA followed by Scheffe’s F test. ∗p < 0.05 between two conditions. Scale bars: 100 μm.



OL Repopulation Was Impaired in CD38 KO Mice

CPZ administration induces selective apoptosis in the mature OLs early on (first 2 weeks), followed by the accumulation of OPCs to the demyelinating lesion, and differentiation into the new mature OLs, which is a critical step for remyelination (Praet et al., 2014). We thus analyzed the status of APC-expressing mature OLs and PDGFR-expressing OPCs during CPZ administration. Immunohistochemistry revealed that, although the initial loss of mature OLs 2 weeks after CPZ administration was observed to a similar level in both genotypes (Figures 4A,B), the number of OPCs (Figure 4B), and mature OLs (Figure 4A) were significantly lower in CD38 KO mice than in WT mice 5 weeks after CPZ administration. Consistent with these results, RT-qPCR analysis revealed that the expression of CXCR4, which is induced in the OPCs and promote their maturation and remyelination after CPZ administration (Patel et al., 2010), was significantly lower in CD38 KO mice 5 weeks after CPZ administration (Figure 4C). These results suggest suppression of the OL repopulation in CD38 KO mice after CPZ administration.
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FIGURE 4. OL repopulation was impaired in CD38 KO mice. (A,B) Representative images of APC (A) and PDGFRα (B) immunohistochemistry in the CC of control and CPZ-administered WT and CD38 KO mice. Nuclei were counterstained with DAPI. Lower panels show higher magnification of the boxed areas in the upper panels. The graph represents the number of APC- or PDGFRα-positive cells in the CC of control and CPZ-administered (2 and 5 weeks) WT and CD38 KO mice, n = 4. (C) RT-qPCR analysis for Cxcr4 expression in the CC of control and CPZ-administered (5 weeks) WT and CD38 KO mice, n = 4. Data are expressed as mean ± SEM. P values are determined by two-way ANOVA followed by Scheffe’s F test. ∗p < 0.05 between two conditions. Scale bars: 100 μm.



Glial Activation Was Attenuated in CD38 KO Mice

As demyelination is accompanied by extensive astroglial and microglial responses that greatly influence the extent of further demyelination and remyelination (Gudi et al., 2014), the status of glial cells was analyzed by immunohistochemistry, and western blot for GFAP and Iba1. The numbers of GFAP-positive cells and the expression levels of GFAP protein were increased after CPZ administration in WT mice, but were significantly lower in CD38 KO mice (Figures 5A–C). Similarly, the numbers of Iba1-positive cells and the expression levels of Iba1 protein were increased after CPZ administration, but were significantly lower in CD38 KO mice (Figures 5D–F). These data indicate that deletion of CD38 suppresses CPZ-induced glial activation.
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FIGURE 5. Glial activation was attenuated in CD38 KO mice. (A) Representative images of GFAP immunohistochemistry in the CC of control and CPZ-administered (3 and 5 weeks) WT and CD38 KO mice. Nuclei were counterstained with DAPI. Lower panels show higher magnification of the boxed areas in the upper panels. (B) The Graph represents the number of GFAP-positive astrocytes in the CC of control and CPZ-administered (1, 3, and 5 weeks) WT and CD38 KO mice, n = 4. (C) Western blotting analyses of GFAP in the CC of WT and CD38 KO mice after different periods of CPZ administration. The graph depicts the relative optical density of GFAP normalized to the loading control GAPDH n = 5. (D) Representative images of Iba1 immunohistochemistry in the CC of control and CPZ-administered (3 and 5 weeks) WT and CD38 KO mice. Nuclei were counterstained with DAPI. Lower panels show higher magnification of the boxed areas in the upper panels. (E) The graph represents the number of Iba1-positive microglia in the CC of control and CPZ-administered (1, 3, and 5 weeks) WT and CD38 KO mice n = 5. (F) Western blotting analyses of Iba1 in the CC of WT and CD38 KO mice after different periods of CPZ administration. The graph depicts the relative optical density of Iba1 normalized to the loading control GAPDH n = 5. Data are expressed as mean ± SEM. P values are determined by two-way ANOVA followed by Scheffe’s F test. ∗p < 0.05 and ∗∗p < 0.01 between two conditions. Scale bars: 100 μm.



Inflammatory Responses Were Reduced in CD38 KO Mice

Activated astrocytes and microglia produce a battery of inflammatory cytokines/chemokines (Gudi et al., 2014) and subsequently harm OLs and axons. RT-qPCR analysis revealed that the expressions of genes such as Tnf, Il1b, Nos2, Ccl2, Ccl3, and Cxcl10 were increased after CPZ administration (Figures 6A–G), but their levels were lower in CD38 KO mice, suggesting that deletion of CD38 suppresses the induction of inflammatory genes. Similarly, the expression levels of phagocytosis-associated genes such as Trem2 (Triggering Receptor Expressed on Myeloid cells) and Cd68 genes were significantly lower in CD38 KO mice after CPZ administration (Figures 6H,I).
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FIGURE 6. Expression levels of inflammatory genes were decreased in CD38 KO mice. (A–I) RT-qPCR analysis for the expression of inflammatory genes in the CC of control and CPZ-administered (5 weeks) WT and CD38 KO mice n = 5. Data are expressed as mean ± SEM. P values are determined by two-way ANOVA followed by Scheffe’s F test. ∗p < 0.05 and ∗∗p < 0.01 between two conditions.



Silencing/Deletion of Cd38 Gene Suppressed the Activation of Astrocytes and Microglia in vitro

To determine whether CD38 regulates glial activation cell-autonomously, we analyzed the expression of glial markers and cytokines/chemokines in both cultured astrocytes (Figures 7A–F) and microglia (Figures 7G–L) after transfecting them with CD38 siRNA or control RNA. In astrocytes, the expression levels of Cd38 and Gfap were significantly reduced following the silencing of Cd38 gene, both in the absence and presence of lipopolysaccharide (LPS), as we recently described (Hattori et al., 2017). Although LPS strongly induced astrocyte-related chemokines such as Cxcl10, Cxcl12, Ccl2, and Ccl3 in both genotypes, the levels were significantly lower in CD38 siRNA-transfected cells (Figures 7B–F). These results indicate that CD38 regulates the activation of astrocytes cell-autonomously.
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FIGURE 7. Silencing/deletion of Cd38 gene reduced the activation of astrocytes and microglia in vitro. (A–F) Primary astrocyte cultures were transfected with CD38 siRNA or control siRNA at 4 and 6 days in vitro (DIV) and stimulated with LPS at 8 DIV. Total RNA was prepared from cells 6 h after treatment with LPS. The expression levels of Cd38, Gfap, Cxcl10, Cxcl12, Ccl2, and Ccl3 transcripts were determined using RT-qPCR n = 7. (G–L) Primary microglia cultures were transfected with CD38 siRNA or control siRNA at 1 DIV and treated with LPS at 2 DIV. Total RNA was prepared from cells 6 h after treatment with LPS. The expression levels of Cd38, Iba1, Tnf, Nos2, Il6, and Il1β transcripts were determined using RT-qPCR n = 5. (M–P) Evaluation of phagocytois. Primary microglia cultures of WT and CD38 KO mice were treated with LPS and myelin debris for 24 h. (M) Cells were stained with anti-Iba1 and -MBP antibodies. Arrowheads indicate phagocytic microglial containing MBP inside the cell body. Scale bar: 20 μm. (N) The graph depicts percentage of myelin-containing microglia n = 5. (O,P) The expression levels of Cd68 and Trem2 transcripts were determined by RT-qPCR n = 5. All data are expressed as mean ± SEM. All P values are determined by two-way ANOVA followed by Scheffe’s F test. ∗p < 0.05 and ∗∗p < 0.01 between two conditions.



In microglia, LPS also induced Cd38 and glia-related inflammatory genes, such as Nos2 and those coding for cytokines in both genotypes, while the levels were significantly lower in CD38 siRNA-transfected microglia (Figures 7G,I–L). The expression of Iba1 was also reduced by silencing CD38 both in the absence and presence of LPS (Figure 7H). CD38 KO microglia had a similar phenotype to microglia subjected to CD38 silencing (Supplementary Figures 3A–F). Furthermore, CD38 KO microglia exhibited lower phagocytic activity (Figures 7M,N) and lower levels of expressions of phagocytosis-associated molecules (Figures 7O,P). These results indicate that CD38 also regulates the activation of microglia cell-autonomously.

NAD+ Suppressed the Activation of Astrocytes and Microglia

Since we and other groups have reported that CD38 KO mice exhibit increased NAD+ levels in the brain (Jin et al., 2007; Hattori et al., 2017), we measured NAD (NAD+ + NADH) concentrations in the CC of WT and CD38 KO mice administered CPZ as well as those not administered CPZ. Consistent with the results of our recent study, NAD levels were significantly higher in CD38 KO mice than in WT mice in the normal condition (control). Although CPZ administration for 5 weeks slightly increased the NAD level in mice of both genotypes, CD38 KO mice still exhibited significantly higher levels of NAD than WT mice (Figure 8A). We also investigated the effects of NAD+ and cADPR, which are the substrate and product of CD38, respectively, on the activation of astrocytes and microglia. Pretreatment of cultured astrocytes or microglia with NAD+, but not with 8Br-cADPR (a cADPR antagonist), reduced the expression levels of Gfap, Cxcl10, Cxcl12, and Ccl2 in astrocytes (Figures 8B–F), and those of Iba1 and some inflammatory genes such as Tnf and Nos2 in microglia (Figures 8G–K) after LPS stimulation. These results suggest that deletion of the Cd38 gene suppresses the activation of astrocytes and microglia by increasing NAD+ levels.
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FIGURE 8. NAD+ suppressed the activation of astrocytes and microglia. (A) Determination of NAD levels in the CC of control and CPZ-administered (5 weeks) WT and CD38 KO mice, n = 4. P values are determined by two-way ANOVA followed by Scheffe’s F test. ∗∗p < 0.01 between two conditions. (B–F) Primary astrocyte cultures were treated with NAD+ (200 μM) or 8Br-cADPR (20 μM) for 5 days (4–9 DIV) and then stimulated with LPS at 9 DIV n = 6. P values are determined by one-way ANOVA followed by Tukey-kramer test. ∗p < 0.05 and ∗∗p < 0.01 between two conditions. (G–K) Microglia cultures were treated with NAD+ (200 μM) or 8Br-cADPR (20 μM) for 1 day (1–2 DIV), and then stimulated with LPS at 2 DIV n = 6. P values are determined by one-way ANOVA followed by Tukey-kramer test. ∗p < 0.05 between two conditions. In (B–K), total RNA was prepared from cells 6 h after treatment with LPS. The expression levels of Gfap, Iba1, and proinflammatory molecule transcripts were determined by RT-qPCR. All data are expressed as mean ± SEM.



DISCUSSION

In the current study, we examined the role of CD38 in CPZ-induced demyelination model in mice. CD38 expression was enhanced in both astrocytes and microglia after CPZ administration. The deletion of CD38 ameliorated demyelination and neurodegeneration, while it suppressed myelin clearance and subsequent OL repopulation. CD38 deficiency, or addition of NAD+ suppressed activation of both astrocytes and microglia, and inflammatory responses in those cells. These results suggest that CD38 in the glial cells regulates neuroinflammation by controlling NAD+ level in the brain, and affects both of CPZ-induced demyelination and subsequent OL remodeling.

In a recent report, Herrmann et al. (2016) demonstrated that CD38 was crucially involved in the pathology of EAE. CD38 expression was strongly elevated both in the encephalitogenic lymph node (LN) cells and in the CNS-infiltrating cells after induction of EAE. Furthermore, deletion of CD38 ameliorated clinical symptoms, and its effect was associated with reduced levels of both antibody production and T-cell response in CD38 KO cells after administration of myelin oligodendrocyte glycoprotein (MOG) 1-125. In contrast to their report, our study demonstrated both beneficial and detrimental effects of CD38 deletion in a different MS model, CPZ-induced demyelination model in mice, which lacks an autoimmune lymphocytic response in its pathology. The expression of CD38 was also increased in the CPZ-induced demyelinating region (Figures 1A–C), and consistent with the observations in EAE, deletion of CD38 ameliorated both demyelination (Figures 2A,C) and neurodegeneration (Figures 3A,B), while underlying mechanisms may be different. In our model, CD38 played critical roles in the glial activation and subsequent neuroinflammation both in mice (Figures 5, 6A–G) and in cultured astroglial and microglial cells (Figures 7A–L and Supplementary Figure 3), which caused secondary damages to OLs and neurons through the production of toxic cytokines and chemokines such as TNF-α, IL-1β, iNOS, CCL2, CCL3, and CXCL10 (Selmaj and Raine, 1988; Merrill et al., 1993; McMahon et al., 2001; Skripuletz et al., 2013). We speculate that it will be quite interesting and important to study more detail of the role of glial CD38 in the settings of EAE and MS.

In the present study, we also observed the reduced levels of the clearance of degraded myelin (Figures 2B,D) and oligodendrocyte repopulation (Figures 4A–C) in CD38 KO mice 5 weeks after CPZ administration. Consistent with these results, the phagocytic activity (Figures 7M,N and Supplementary Figures 2A,B) and the expression of phagocytosis-associated genes such as Cd68 and Trem2 (Figures 6H,I, 7O,P) were reduced in CD38 KO mice and in CD38 KO mice-derived microglia. As microglial phagocytosis of the degraded myelin is essential for the proper OPC maturation into OLs after demyelination (Petkovic et al., 2016), our findings suggest that CD38-mediated glial activation, and phagocytosis may also play a critical role in the process of remyelination. However, it is not clear yet how the numbers of both OPCs and OLs were reduced in CD38 KO mice 5 weeks after CPZ administration (Figures 4A–C). Our previous report demonstrated that astrocytic CD38 facilitated the maturation of OPCs, but not their own proliferation in the postnatal developing periods (Hattori et al., 2017). Further studies are required to clarify this point.

Herrmann et al. (2016) also demonstrated in their report that Sphingosine 1-phosphate (S1P)-receptor modulator FTY720 (fingolimod), which is the first oral therapeutic agent for MS and exerts its function, at least in part, by inhibiting lymphocyte trafficking from secondary lymphoid organs, effectively suppressed EAE severity and reduced the level of CD38 expression in the lymph nodes. Interestingly, S1P receptors are also highly expressed in the brain cells including astrocytes (Van Doorn et al., 2010; Choi et al., 2011). It was previously reported that FTY720 ameliorated demyelination and neurodegeneration in CPZ-induced demyelination model, while it failed to enhance remyelination in vivo (Kim et al., 2011; Slowik et al., 2015). Although our preliminary results have revealed no significant differences between WT and CD38 KO mice in the expression levels of S1P and AKT2, a downstream molecule in SIP signaling, 5 weeks after CPZ administration, further analysis may clarify the possible link between S1P and CD38 pathways in the glia-mediated regulation of demyelination and neurodegeneration.

It was also reported that nicotinamide, which is a precursor of CD38 substrate NAD+, reduced demyelination, axonal degeneration, and infiltration of CD4+ T-cells in EAE (Kaneko et al., 2006). Furthermore, NAD+ has been shown to reverse the progression of EAE by regulating CD4+ T-cell differentiation and apoptosis (Tullius et al., 2014). These studies indicate that NAD+ has beneficial effects on MS pathology. In the current study, we demonstrated the suppressing effect of NAD+ on the glial activation, as well as inflammatory responses in vitro, and the higher level of NAD in the CD38 KO brains in both of the control and CPZ-administrated conditions. We speculate that NAD+ also has both beneficial and detrimental effects in the process of demyelination, depending on the situations such as acute inflammatory phase and chronic neurodegenerating phase. Although the molecular mechanism of NAD+-mediated regulation of glial activity is still unclear, a NAD+-dependent deacetylase sirtuin2 (SIRT2) in microglia may be involved in this process, as previously described (Pais et al., 2013). Furthermore, since brain NAD+ level can be increased by administration of NAD+ precursors such as nicotinamide riboside and nicotinamide mononucleotide (Gong et al., 2013), it will be intriguing to test these molecules in CPZ-induced demyelination model.

In conclusion, we identified novel effects of CD38 and NAD+ on demyelination and neuroinflammation using CPZ-induced demyelination model. CD38 and NAD+ in glial cells may have both beneficial and detrimental effects, and further studies to regulate the balance of these effects will make them potential targets for therapeutic intervention of MS and other demyelinating diseases.
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