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            Abstract
Small intestinal mononuclear cells that express CX3CR1 (CX3CR1+ cells) regulate immune responses1,2,3,4,5. CX3CR1+ cells take up luminal antigens by protruding their dendrites into the lumen1,2,3,4,6. However, it remains unclear how dendrite protrusion by CX3CR1+ cells is induced in the intestine. Here we show in mice that the bacterial metabolites pyruvic acid and lactic acid induce dendrite protrusion via GPR31 in CX3CR1+ cells. Mice that lack GPR31, which was highly and selectively expressed in intestinal CX3CR1+ cells, showed defective dendrite protrusions of CX3CR1+ cells in the small intestine. A methanol-soluble fraction of the small intestinal contents of specific-pathogen-free mice, but not germ-free mice, induced dendrite extension of intestinal CX3CR1+ cells in vitro. We purified a GPR31-activating fraction, and identified lactic acid. Both lactic acid and pyruvic acid induced dendrite extension of CX3CR1+ cells of wild-type mice, but not of Gpr31bâˆ’/âˆ’ mice. Oral administration of lactate and pyruvate enhanced dendrite protrusion of CX3CR1+ cells in the small intestine of wild-type mice, but not in that of Gpr31bâˆ’/âˆ’ mice. Furthermore, wild-type mice treated with lactate or pyruvate showed an enhanced immune response and high resistance to intestinal Salmonella infection. These findings demonstrate that lactate and pyruvate, which are produced in the intestinal lumen in a bacteria-dependent manner, contribute to enhanced immune responses by inducing GPR31-mediated dendrite protrusion of intestinal CX3CR1+ cells.
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                    Fig. 1: Extension of CX3CR1+ cell dendrites induced by intestinal contents.[image: ]


Fig. 2: GPR31-dependent dendrite protrusion of intestinal CX3CR1+ cells.[image: ]


Fig. 3: Identification of lactic acid and pyruvic acid as GPR31-activating bacterial metabolites.[image: ]


Fig. 4: GPR31-dependent dendrite protrusion of CX3CR1+ cells induced by lactic acid and pyruvic acid.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Roles of commensal bacteria in trans-epithelial dendrite protrusion of CX3CR1+ cells.
a, A cocktail of antibiotics (Abx; ampicillin, neomycin, metronidazole and vancomycin) were orally administered to Cx3xr1gfp/+ mice raised under SPF conditions. Tissue segments of the distal ileum were stained with CMRA (red) and CX3CR1+ cell dendrites (green) were observed by confocal microscopy. The 2D projection of z-stack images is shown. The numbers of trans-epithelial dendrites per villus were quantified. Each symbol represents an individual villus. Data represent the meanÂ Â±Â s.d. from three mice (Abx: proximal, nÂ =Â 24; distal, nÂ =Â 35; untreated: proximal, nÂ =Â 28; distal, nÂ =Â 30 villi). Two-tailed Studentâ€™s t-test was performed for statistical analysis. b, Low-density cells were prepared from the small intestine of Myd88+/+ and Myd88âˆ’/âˆ’ mice, and labelled with 2Â Î¼M CFSE. Sorted CX3CR1+ cells were incubated with a methanol-soluble fraction prepared from the small-intestinal luminal contents of SPF mice for 4Â h. The cells with extended dendrites were quantified (nÂ =Â 5 independent samples per group). One-way ANOVA with Tukeyâ€™s comparison was performed for statistical analysis. Data represent the meanÂ Â±Â s.d. from two biologically independent experiments. Scale bar, 10Â Î¼m. NS, not significant.

                          Source data
                        


Extended Data Fig. 2 Expression of GPCRs in subsets of intestinal myeloid cells.
a, Sorting strategy for separating subsets of myeloid cells in the small intestine, used for the analysis of GPCR gene expression. CD45+ cells were collected from Cx3cr1gfp/+ mice. b, GPCRs that are highly expressed in CX3CR1+ cells of the small intestine were picked from the Immunological Genome Project (ImmGen) database, and the expression levels of these GPCRs in R1 CD11c+CD11bâˆ’CX3CR1âˆ’ cells, R2 CD11c+CD11b+CX3CR1âˆ’ cells and R3 CD11c+CD11b+CX3CR1+ cells were examined by quantitative PCR (nÂ =Â 3 mice). Gpr31 expression shows the total expression level of three Gpr31 isoforms (Gpr31a, Gpr31b and an unnamed isoform). câ€“g, Gating strategies of cell populations used for quantitative PCR analysis of Gpr31 expression. Circulating leukocytes were prepared from Cx3cr1gfp/+ mice (c). Low-density cells in the mesenteric lymph nodes (d), Peyerâ€™s patches (e), large intestine (f) and small intestine (g) were prepared from Cx3cr1gfp/+ mice, and stained with fluorochrome-conjugated mAbs. CD45+ cells were gated and further analysed by using indicated mAbs. hâ€“j. Quantitative PCR of Gpr31b expression in subsets of leukocytes in the peripheral blood and the small intestine (h), myeloid-cell subsets and epithelial cells in the intestine (i), and CX3CR1+ cells in various tissues (j). MCs, monocytes; S.I., small intestine (hâ€“j, nÂ =Â 3 independent samples per group). Values were normalized to the expression of Gapdh. Data represent the meanÂ Â±Â s.d.

                          Source data
                        


Extended Data Fig. 3 Generation of Gpr31bâˆ’/âˆ’ mice.
a, The structure of Gpr31 gene clusters and a targeting strategy for Gpr31b gene depletion. The mouse Gpr31 gene forms a gene cluster consisting of four isoforms: Gpr31a, Gpr31b, Gpr31c and an unnamed gene adjacent to Gpr31a. These genes show 99% homology at a nucleotide level. Among the Gpr31 genes, Gpr31a and the unnamed gene generate truncated gene products, which lack the first 19 amino acids compared with the Gpr31b gene product; Gpr31c serves as a pseudogene. The targeting vector was constructed by replacement of a 1-kb fragment of the exon of Gpr31b with a neomycin-resistance gene cassette. Digestion of wild-type genomic DNA with PstI generates 5.2-kb DNA fragments in Gpr31a and Gpr31c, and a 6.6-kb fragment in Gpr31b whereas the digestion of the mutant genomic DNA with a neoR cassette produces a 7.6-kb fragment. b, Southern blot analysis of offspring of the heterozygote intercrosses. Genomic DNA extracted from mouse tails was digested with PstI, electrophoresed and hybridized with the 32P-labelled DNA probe indicated in a (bold bar). For gel source data, see Supplementary Fig.Â 1. The experiment was repeated two independent times with similar results. c, Quantitative PCR analysis of intestinal CX3CR1+ cells in Gpr31bâˆ’/âˆ’ mice (nÂ =Â 3 mice). PCR was performed using DNA polymerase and primer sets that discriminate between Gpr31b and other Gpr31 isoforms. d, The proportion and number of intestinal CX3CR1+ cells in Gpr31b+/+ and Gpr31bâˆ’/âˆ’ mice (nÂ =Â 3 mice each). e, Quantification of trans-epithelial dendrites of CX3CR1+ cells in the ileum (corresponding to Fig.Â 2a). Explants of the distal ileum were observed by two-photon microscopy. Data are from three mice per group (Gpr31b+/+: proximal, nÂ =Â 23; distal nÂ =Â 30; Gpr31bâˆ’/âˆ’: proximal, nÂ =Â 20; distal, nÂ =Â 21; Cx3cr1gfp/gfp: proximal, nÂ =Â 26; distal, nÂ =Â 26 villi). f, Quantification for dendrite extension of CX3CR1+ cells in response to the methanol-soluble fraction of intestinal luminal contents (corresponding to Fig.Â 2b). Data are from two biologically independent experiments (vehicle, nÂ =Â 5; methanol-soluble fraction, nÂ =Â 6 independent samples per group). Two-tailed Studentâ€™s t-test (d, e) and one-way ANOVA with Tukeyâ€™s comparison (f) were performed for statistical analysis. Data represent the meanÂ Â±Â s.d.

                          Source data
                        


Extended Data Fig. 4 Role of GPR31 signalling in S.Â Typhimurium uptake by intestinal myeloid cells.
a, Gpr31b+/+ and Gpr31bâˆ’/âˆ’ mice were orally administered CFSE-labelled Î”invA S.Â Typhimurium (1Â Ã—Â 108 CFU). Ten hours after the administration, the uptake of S.Â Typhimurium by CX3CR1+ cells and CD11b+CD103+ cells was analysed by flow cytometry (nÂ =Â 3 mice). b, Role of GPR31 signalling in S.Â Typhimurium uptake by CX3CR1+ cells in vitro. Intestinal low-density cells (8Â Ã—Â 105 cells) prepared from Gpr31b+/+ or Gpr31âˆ’/âˆ’ mice were incubated in a fibronectin-coated 12-well plate for 2Â h. The cells were further cultured with CFSE-labelled Î”invA S.Â Typhimurium (5Â Ã—Â 107 CFU) for 3Â h. After being washed, the cells were collected and CX3CR1+ cells carrying S.Â Typhimurium were assessed by flow cytometry (nÂ =Â 3 independent samples per group). c, Mice were orally administered Î”invA S.Â Typhimurium, and bacterial loads in the indicated tissues were analysed (nÂ =Â 12 mice). d, Effects of intravenous immunization of non-pathogenic S.Â Typhimurium on invasive S.Â Typhimurium infection in Gpr31bâˆ’/âˆ’ mice. Gpr31b+/+ mice and Gpr31bâˆ’/âˆ’ mice were intravenously administered with Î”invA Î”aroA S.Â Typhimurium (5Â Ã—Â 104 CFU) for six weeks, and the survival rate after oral infection of invasive S.Â Typhimurium (1Â Ã—Â 109 CFU) was monitored (nÂ =Â 10 mice). Two-tailed Studentâ€™s t-test (a, b), two-tailed Mannâ€“Whitney test (c) and log-rank test were performed for statistical analysis. Data represent the meanÂ Â±Â s.d. NS, not significant.

                          Source data
                        


Extended Data Fig. 5 Step-by-step purification of GPR31-reacting molecules.
a, The ligand-binding activity of GPR31 was assessed by intracellular cAMP concentration in HEK293 transfectants, in which human GPR31 expression is inducible by doxycycline (Tet-on system). A methanol (MeOH)-soluble fraction prepared from luminal contents of the intestine (red in b), which induced dendrite extension of CX3CR1+ cells, increased the concentration of cAMP in GPR31-expressing cells (nÂ =Â 3 independent samples per group). b, Schematic of strategy to purify GPR31-activating molecules (nÂ =Â 3 independent samples per group). c, The methanol-soluble fraction was washed with a mixture of methyl tert-butyl ether (MTBE) and methanol (MTBE-1), and then washed with a MTBE:methanol:acetic acid solution and saturated saline (MTBE-2) (green in b). The MTBE-2 activated GPR31 (nÂ =Â 3 independent samples per group). d, The MTBE-2 was separated into the neutral and basic fraction (orange in b), and acidic fraction, by anion-exchange chromatography. The neutral and basic fraction increased cAMP concentration (nÂ =Â 3 independent samples per group). e, Gel permeation chromatography was then applied to the neutral and basic fraction. Fraction number 5 and fraction number 6 increased cAMP concentration (blue in b) (nÂ =Â 4 independent samples per group). f, The mixture of fraction number 5 and fraction number 6 was then separated by HILIC. The fraction at 8â€“10-min retention time activated GPR31 (pink in b) (nÂ =Â 3 independent samples per group). Data represent the meanÂ Â±Â s.d.

                          Source data
                        


Extended Data Fig. 6 Analysis of gel permeation chromatography fractions prepared from intestinal luminal contents.
a, HILIC-LCâ€“MS analysis of gel permeation chromatography fractions, which activated (fraction number 5 and fraction number 6) and failed to activate (fraction number 2) cells that express human GPR31. LCâ€“MS chromatograms (at m/zÂ 89.022â€“89.026) of fraction number 5 and fraction number 6 showed a retention time that was almost the same as that of lactic acid. The experiment was repeated two independent times with similar results. b, Reactivity of mouse GPR31 to enantiomers of lactic acid (nÂ =Â 6 mice). Intracellular cAMP levels in HEK293 Tet-on inducible cells were assessed in the presence or absence of doxycycline (Dox). Data represent two biologically independent experiments. Two-tailed Studentâ€™s t-test was performed for statistical analysis. Data represent the meanÂ Â±Â s.d.

                          Source data
                        


Extended Data Fig. 7 Effects of antibiotics on transepithelial dendrites of CX3CR1+ cells.
a, Antibiotics with different spectra of activity were orally administered to SPF mice for four weeks. The methanol-soluble fractions prepared from intestinal luminal contents of these mice were added to cells that express human GPR31, and cytosolic cAMP levels were evaluated (nÂ =Â 5 independent samples per group). bâ€“d, Concentrations of d-lactate (b), l-lactate (c) and pyruvate (d) in the intestinal luminal contents were determined (nÂ =Â 6 mice). e, Wild-type mice were orally administered with the indicated antibiotics for four weeks, and the methanol-soluble fraction was prepared from intestinal luminal contents. Intestinal CX3CR1+ cells were incubated with the methanol-soluble fraction for 4Â h, and the cells with extended dendrites were quantified (green, GFP; blue, DAPI). Data were from two biologically independent experiments (control and Abx groups; nÂ =Â 7; other groups, nÂ =Â 8 independent samples per group). Scale bar, 10Â Î¼m. f, Cx3cr1gfp/+ mice were orally received the indicated antibiotics for four weeks. Tissue segments of the distal ileum were stained with CMRA (red) and CX3CR1+ cells (green) were observed by confocal microscopy. The 2D projection of z-stack images is shown. Arrows indicate trans-epithelial dendrites. Scale bar, 100Â Î¼m. Abx, a mixture of ampicillin, neomycin, metronidazole and vancomycin; Gnt, gentamicin; Vnc, vancomycin; Amp, ampicillin; Neo, neomycin; Mtz, metronidazole. Two-tailed Studentâ€™s t-test was performed for statistical analysis (aâ€“e). Data represent the meanÂ Â±Â s.d.
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Extended Data Fig. 8 Effects of oral administration of lactate- and pyruvate-producing bacteria on trans-epithelial dendrite protrusion of CX3CR1+ cells.
aâ€“c, Several species of bacteria were incubated in GAM medium supplemented with 1% glucose for 45Â h, and concentrations of d-lactate (a), l-lactate (b) and pyruvate (c) were measured (nÂ =Â 3 independent samples per group). The precise P values are described in Source Data. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001. dâ€“f, SPF mice were administered with L. helveticus (2Â Ã—Â 109 CFU) by oral gavage for eight days. Concentrations of d-lactate (d), l-lactate (e) and pyruvate (f) in luminal contents of the small intestine were measured (nÂ =Â 6 mice). g, Cx3cr1gfp/+Gpr31b+/+ and Cx3cr1gfp/+Gpr31bâˆ’/âˆ’ mice were orally administered L.Â helveticus for eight days, and tissue segments of the distal ileum were observed by two-photon microscopy (green, GFP; red, CMRA). The experiment was repeated three independent times with similar results. Arrowheads indicate trans-epithelial dendrites. Scale bar, 50Â Î¼m. Two-tailed Studentâ€™s t-test was performed for statistical analysis (aâ€“f). Data represent the meanÂ Â±Â s.d.

                          Source data
                        


Extended Data Fig. 9 Protective effect of lactate and pyruvate on bacterial dissemination and tissue damage during S.Â Typhimurium infection.
a, Quantification of the extended dendrites of CX3CR1+ cells treated with lactic acid or pyruvic acid (corresponding to Fig.Â 4a). Gpr31b+/+ and Gpr31bâˆ’/âˆ’ CX3CR1+ cells were treated with lactic acid, pyruvic acid or propionic acid (100Â Î¼M each), and their morphology was observed under a microscope and quantified (nÂ =Â 6 independent samples per group). Data represent two biologically independent experiments. b, Quantification of trans-epithelial dendrite protrusion of CX3CR1+ cells in mice that were administered lactate or pyruvate (corresponding to Fig.Â 4b). Trans-epithelial dendrites in explants of the distal ileum were observed by two-photon microscopy after administration of 100Â mM lactate or pyruvate for three weeks. Data are from three mice per group (untreated: Gpr31b+/+ proximal, nÂ =Â 29; distal, nÂ =Â 33; Gpr31bâˆ’/âˆ’ proximal, nÂ =Â 28; distal, nÂ =Â 27; lactate-treated: Gpr31b+/+ proximal, nÂ =Â 32; distal, nÂ =Â 32; Gpr31bâˆ’/âˆ’ proximal, nÂ =Â 24; distal, nÂ =Â 25; pyruvate-treated: Gpr31b+/+ proximal, nÂ =Â 29; distal, nÂ =Â 29; Gpr31bâˆ’/âˆ’ proximal, nÂ =Â 27; distal nÂ =Â 28 villi). c, Time course of trans-epithelial dendrite induction upon oral administration of lactate or pyruvate. Cx3cr1gfp/+ mice were orally administered 50Â mM lactate or pyruvate. Explants of the ileum were collected at the indicated time, and the dendrite extension of CX3CR1+ cells was monitored by confocal microscopy (green, GFP; red, CMRA). The experiment was repeated two independent times with similar results. Arrowheads indicate trans-epithelial dendrites. dâ€“e, GPR31-independent dendrite protrusion of intestinal CD103+ cells. Low-density cells prepared from Cx3cr1gfp/+ mice were stained with Alexa Fluor 594 anti-CD103 mAb and treated with methanol-soluble fraction, lactic acid (100Â Î¼M) or pyruvic acid (100Â Î¼M) for 4Â h. The morphology of these cells was observed by microscopy (d) and quantified (e) (CX3CR1+ cells, nÂ =Â 6; CD103+ cells, nÂ =Â 4 independent samples per group). Data represent the meanÂ Â±Â s.d. from two biologically independent experiments. f, In non-infectious conditions, Gpr31b+/+ or Gpr31bâˆ’/âˆ’ mice were intravenously injected with APC anti-CD103 mAb (20Â Î¼g), Alexa Fluor 594 anti-CD4 mAb (10Â Î¼g), Alexa Fluor 594 anti-CD8a mAb (10Â Î¼g) and Hoechst 33342 (100Â Î¼g). Thirty minutes later, explants of the distal ileum were observed by confocal microscopy. Note that CD103+CD4âˆ’CD8aâˆ’ cells adjacent to epithelial cell layers (indicated by arrows) were comparably observed in Gpr31b+/+ mice and Gpr31bâˆ’/âˆ’ mice. In infection experiments, mice were administered with S.Â Typhimurium (1Â Ã—Â 109 CFU) by oral gavage. Ninety minutes after the administration, APC anti-CD103 mAb (20Â Î¼g) and Hoechst 33342 (100Â Î¼g) were intravenously injected. These experiments were repeated two independent times with similar results. Arrowheads indicate trans-epithelial dendrites. gâ€“i, Wild-type mice were fed lactate or pyruvate for three weeks, treated with non-pathogenic S.Â Typhimurium for six weeks, and then orally administered 1Â Ã—Â 109 CFU invasive S.Â Typhimurium. At day 40 after the invasive S.Â Typhimurium infection, bacterial loads in the liver and spleen (g), histology in the liver (haematoxylin and eosin staining) (h) and serum AST levels (i) were analysed (nÂ =Â 6 mice). In h, tissue damage with noticeable haemorrhage (arrows) and leukocyte infiltration after S.Â Typhimurium infection was suppressed by oral pretreatment of mice with lactate or pyruvate. One-way ANOVA with Tukeyâ€™s comparison (a), two-tailed Studentâ€™s t-test (b, e) and two-tailed Mannâ€“Whitney test (g, i) were performed for statistical analysis. Data represent the meanÂ Â±Â s.d. Scale bar, 10Â Î¼m (c, d, f), 100Â Î¼m (h). NS, not significant.
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Extended Data Fig. 10 Regulation of GPR31 expression by the CX3CL1â€“CX3CR1 axis.
a, Targeted disruption of the Cx3cl1 gene. The targeting vector was constructed by replacement of exon 2 with a genomic fragment containing loxP-flanked exon 2 and a neomycin-resistance gene cassette. The floxed allele was generated by homologous recombination and Cre-mediated recombination resulted in a deleted allele of the Cx3cl1 gene in embryonic stem cells. b, c, Intestinal CX3CR1+ cells isolated from Cx3cr1gfp/+ or Cx3cr1gfp/gfp mice were treated with lactic acid or pyruvic acid (100Â Î¼M each). Each symbol represents the percentage of GFP-positive cells with dendrites that are over 5Â Î¼m in length in a single well, from two biologically independent experiments (nÂ =Â 6 independent samples per group). The morphology of CX3CR1+ cells was observed under a microscope (b) and their dendrite extension was quantified (c). d, Intestinal CX3CR1+ cells isolated from Cx3cr1gfp/+ mice, Cx3cr1gfp/gfp mice or Cx3cl1âˆ’/âˆ’ mice were incubated with 500Â nM CX3CL1 for 24Â h, and mRNA expression of Gpr31b was analysed by quantitative PCR (Cx3cr1gfp/+ mice and Cx3cr1gfp/gfp mice, nÂ =Â 3; Cx3cl1âˆ’/âˆ’ mice, nÂ =Â 4 independent samples per group). e, f, Intestinal CX3CR1+ cells isolated from Cx3cr1gfp/+Cx3cl1âˆ’/âˆ’ mice were incubated in the presence or absence of CX3CL1 for 30Â h, and further stimulated with lactic acid or pyruvic acid for 4Â h. The dendrite extension of CX3CR1+ cells was observed by microscopy (e) and quantified (f) (nÂ =Â 8 independent samples per group). Data represent the meanÂ Â±Â s.d. from two biologically independent experiments. Scale bar, 10Â Î¼m. One-way ANOVA with Tukeyâ€™s comparison (c, d) and two-tailed Studentâ€™s t-test (f) were performed for statistical analysis. Data represent the meanÂ Â±Â s.d. NS, not significant.
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Video 1 Two-photon microscopic imaging of an intestinal explant prepared from Cx3cr1gfp/+ Gpr31+/+ mice. Explants of the ileum prepared from Cx3cr1gfp/+ Gpr31+/+ mice were stained with CMRA (red) and vertically monitored with a z-step interval of 0.5 Î¼m by two-photon microscopy. The experiment was repeated three independent times with similar results. Scale bar, 10 Î¼m. Video corresponds to Fig. 2d
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Video 2 Two-photon microscopic imaging of an intestinal explant prepared from Cx3cr1gfp/+ Gpr31-/-mice. Explants of the ileum prepared from Cx3cr1gfp/+ Gpr31-/- mice were stained with CMRA (red) and vertically monitored with a z-step interval of 0.5 Î¼m by two-photon microscopy. The experiment was repeated three independent times with similar results. Scale bar, 10 Î¼m. Video corresponds to Fig. 2d
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Video 3 Two-photon microscopic imaging of an intestinal explant prepared from Cx3cr1gfp/gfp Gpr31+/+ mice. Explants of the ileum prepared from Cx3cr1gfp/gfp Gpr31+/+ mice were stained with CMRA (red) and vertically monitored with a z-step interval of 0.5 Î¼m by two-photon microscopy. The experiment was repeated three independent times with similar results. Scale bar, 10 Î¼m. Video corresponds to Fig. 2d
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Video 4 Two-photon microscopic imaging of an intestinal explant prepared from untreated Cx3cr1gfp/+ Gpr31+/+ mice. Ileal explants were stained with CMRA (red) and vertically monitored with a z-step interval of 0.5 Î¼m by two-photon microscopy. The experiment was repeated three independent times with similar results. Scale bar, 10 Î¼m. Video corresponds to Fig. 4c
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Video 5 Two-photon microscopic imaging of an intestinal explant prepared from Cx3cr1gfp/+ Gpr31+/+ mice treated with lactate. Mice were orally administered with 100 mM sodium lactate for 3 weeks. Ileal explants were stained with CMRA (red) and vertically monitored with a z-step interval of 0.5 Î¼m by two-photon microscopy. The experiment was repeated three independent times with similar results. Scale bar, 10 Î¼m. Video corresponds to Fig. 4c
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Video 6 Two-photon microscopic imaging of an intestinal explant prepared from Cx3cr1gfp/+ Gpr31+/+ mice treated with lactate. Mice were orally administered with 100 mM sodium lactate for 3 weeks. Ileal explants were stained with CMRA (red) and vertically monitored with a z-step interval of 0.5 Î¼m by two-photon microscopy. The experiment was repeated three independent times with similar results. Scale bar, 10 Î¼m. Video corresponds to Fig. 4c
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Video 7 Two-photon microscopic imaging of an intestinal explant prepared from untreated Cx3cr1gfp/+ Gpr31-/- mice. Ileal explants were stained with CMRA (red) and vertically monitored with a z-step interval of 0.5 Î¼m by two-photon microscopy. The experiment was repeated three independent times with similar results. Scale bar, 10 Î¼m. Video corresponds to Fig. 4c
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Video 8 Two-photon microscopic imaging of an intestinal explant prepared from Cx3cr1gfp/+ Gpr31-/- mice treated with lactate. Mice were orally administered 100 mM sodium lactate for 3 weeks. Ileal explants were stained with CMRA (red) and vertically monitored with a z-step interval of 0.5 Î¼m by two-photon microscopy. The experiment was repeated three independent times with similar results. Scale bar, 10 Î¼m. Video corresponds to Fig. 4c
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Video 9 Two-photon microscopic imaging of an intestinal explant prepared from Cx3cr1gfp/+ Gpr31-/- mice treated with pyruvate. Mice were orally administered 100 mM sodium pyruvate for 3 weeks. Ileal explants were stained with CMRA (red) and vertically monitored with a z-step interval of 0.5 Î¼m by two-photon microscopy. The experiment was repeated three independent times with similar results. Scale bar, 10 Î¼m. Video corresponds to Fig. 4c
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