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            Abstract
Neurons can release damaged mitochondria and transfer them to astrocytes for disposal and recycling1. This ability to exchange mitochondria may represent a potential mode of cell-to-cell signalling in the central nervous system. Here we show that astrocytes in mice can also release functional mitochondria that enter neurons. Astrocytic release of extracellular mitochondrial particles was mediated by a calcium-dependent mechanism involving CD38 and cyclic ADP ribose signalling. Transient focal cerebral ischaemia in mice induced entry of astrocytic mitochondria into adjacent neurons, and this entry amplified cell survival signals. Suppression of CD38 signalling by short interfering RNA reduced extracellular mitochondria transfer and worsened neurological outcomes. These findings suggest a new mitochondrial mechanism of neuroglial crosstalk that may contribute to endogenous neuroprotective and neurorecovery mechanisms after stroke.
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                    Figure 1: Astrocytic CD38 and extracellular mitochondria.


Figure 2: Astrocytic extracellular mitochondria and neuroprotection.


Figure 3: Astrocytic mitochondria and neuroplasticity after ischaemic stress.


Figure 4: Effects of Cd38 siRNA on focal cerebral ischaemia.
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Extended data figures and tables

Extended Data Figure 1 Astrocytic mitochondria particle detection.
a, Electron microscopic analysis demonstrated that mitochondria were detected within extracellular astrocyte-derived particles. Free mitochondria were also found in ACM. b, In FACS analysis, control beads were used to gate populations ranging in size from 500 to 900â€‰nm. c, In ACM, approximately 53% of particles in the size range were positive for functional mitochondria (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰5 independent experiments). d, After FACS analysis to isolate the extracellular mitochondria fraction from ACM, particle size was measured by qNano analysis. Consistent with electron microscopy analysis, a range of size distributions was observed (~25%: 300â€“400â€‰nm, ~75%: 400â€“1,100â€‰nm). Data are meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 2 Characteristics of astrocytic mitochondrial particles in FACS analysis.
a, Mitochondrial particles were identified by FACS. b, Of these mitochondrial particles, FACS analysis showed that approximately 79% and 43% of particles express Î²1-integrin and CD63, respectively (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰4 independent experiments). cADPR (1â€‰Î¼M) did not appear to affect these distributions (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰4 independent experiments). Data are meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 3 Production of astrocytic mitochondrial particles in a Ca2+-dependent mechanism.
a, The known CD38 downstream signal, cADPR, increased intracellular calcium levels shown by Fluo-4 intensity in a concentration-dependent manner (nâ€‰=â€‰3 independent experiments). b, Intracellular ATP levels in astrocytes were upregulated by cADPR stimulation (nâ€‰=â€‰4 independent experiments). **Pâ€‰<â€‰0.01 versus 0â€‰Î¼M cADPR. c, To measure ATP levels in extracellular particles, ACM was collected and large debris was excluded by centrifugation and filtration through a 1.2-Î¼m filter. After another centrifugation at 20,000g for 30â€‰min, 100â€‰Î¼l from the top or bottom fractions were used for the ATP assay. d, The bottom fraction had a higher ATP content, and cADPR (1â€‰Î¼M) increased the ATP content in this fraction (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰8 or 5 independent experiments). e, cADPR-induced extracellular ATP levels within extracellular particles were diminished by the intracellular calcium blocker, BAPTA-AM (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰6 or 4 independent experiments). Data are meanâ€‰Â±â€‰s.e.m. P values are from a one-way ANOVA followed by Tukeyâ€™s test.


Extended Data Figure 4 Summary of experiment in

                            Fig. 2c
                          . a, We repeated the experiment in Fig. 2c with nâ€‰=â€‰4 independent primary cultures per group. Similar results were obtained (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰4 independent experiments). The extracellular mdACM group was significantly different compared to the ACM group. Furthermore, in this repeated experiment, there was also statistical significance between controls (OGD-damaged neurons alone) versus those treated with mitochondria-containing astrocyte media (ACM), and there was no statistically significant worsening when comparing control versus mitochondria-depleted groups (mdACM). Taken together, these two separate experiments suggest a modest but statistically significant neuroprotection induced by astrocyte-derived mitochondria. Data are meanâ€‰Â±â€‰s.e.m. one-way ANOVA followed by Tukeyâ€™s test. b, MitoTracker Red CMXRos (200â€‰nM) was incubated without astrocytes to obtain no-cell-derived media (negative control). Media was collected and further incubated with neurons after OGD. After 24â€‰h, there was no mitochondrial signal observed. Scale bars, 100â€‰Î¼m.


Extended Data Figure 5 Role of astrocytic CD38 in mitochondria transfer during starvation in vitro.
a, Immunocytochemistry in neuronâ€“astrocyte co-cultures demonstrated that CD38 was primarily expressed within astrocytes. b, Extracellular ATP levels were higher in media collected from neurons co-cultured with astrocytes compared to media from neuron-alone cultures (nâ€‰=â€‰3 biological replicates, nâ€‰=â€‰9 or 11 independent experiments). c, After serum/glucose starvation, neurons were significantly damaged, as expected. But neurons co-cultured with astrocytes were protected (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰6 or 4 independent experiments). d, CD38 suppression by siRNA significantly decreased extracellular ATP levels in neuronâ€“astrocyte co-cultures, but CD38 suppression did not affect extracellular ATP levels in neuron-alone cultures (nâ€‰=â€‰3 biological replicates, nâ€‰=â€‰9 or 6 independent experiments). e, Blockade of astrocytic CD38 by siRNA significantly increased LDH release (indicative of cell damage) in the co-cultures, suggesting that CD38 may be important for maintaining neuroglial homeostasis (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰6 independent experiments). f, Rat primary neurons were co-cultured with rat astrocytes. Immunocytochemistry showed that CD38 suppression by siRNA reduced astrocytic mitochondria (red) transfer into neurons compared to control. g, h, Western blot analysis indicated that CD38 suppression by siRNA can be successfully performed in astrocyte culture without affecting cell viability (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰4 or 3 independent experiments). Data are meanâ€‰Â±â€‰s.e.m. P values are from an unpaired t-test.


Extended Data Figure 6 Metabolic inhibition in astrocyte causes neuronal cell death and prevents neurite outgrowth in vitro.
a, Astrocytic aconitase was inhibited by fluorocitrate (FC), which disrupted astrocyte metabolism that was accompanied by a senescence-associated Î²-galactosidase (SA-Î²-gal) signal. b, Intracellular ATP was decreased in these metabolically disrupted astrocytes (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰6 independent experiments). *P < 0.05, **P < 0.01 versus 0â€‰mM fluorocitrate. c, Propidium iodide (PI) staining showed that fluorocitrate (0.5â€‰mM) did not induce cell death in astrocytes. d, Metabolically disrupted astrocytes significantly decreased the mitochondrial membrane potential. Red: aggregated JC1; green: monomer JC1. Scale bar, 20â€‰Î¼m. e, Rat cortical neurons were co-cultured with JC1-labelled astrocytes. After 24â€‰h co-culture, control astrocytes transferred mitochondria, which had a high-membrane potential (aggregated JC1), but metabolically disrupted astrocytes released and transferred dysfunctional mitochondria into neurons (nâ€‰=â€‰3 independent experiments). f, Metabolically disrupted astrocytes could not support neural viability under starvation in the co-culture (nâ€‰=â€‰4 independent experiments). g, Co-culture between astrocytes and neurons was conducted for 48â€‰h to test neurite outgrowth. Immunocytochemistry showed that metabolically disrupted astrocytes prevented neurite outgrowth and increased neuronal cell death (nâ€‰=â€‰3 independent experiments). h, The LDH assay indicated that fluorocitrate (0.5â€‰mM) did not affect cell viability in either rat cortical astrocytes (nâ€‰=â€‰4 independent experiments) or rat cortical neurons (nâ€‰=â€‰4 independent experiments). Data are meanâ€‰Â±â€‰s.e.m. P values are from a one-way ANOVA followed by Tukeyâ€™s test (b) or an un unpaired t-test (eâ€“g).


Extended Data Figure 7 FACS analysis using E17 FVB/N-Tg (GFAPGFP)14Mes/J transgenic mice.
a, Cortical neurons were isolated from E17 FVB/N-Tg (GFAPGFP)14Mes/J transgenic mice. Immunocytochemistry showed that cultured neurons did not express either GFP or GFAP protein after OGD, suggesting that stroke-like stress may not lead to â€˜leakinessâ€™ in this astrocyte-specific GFP mouse. b, Brain cell suspension was prepared from FVB/N-Tg (GFAPGFP)14Mes/J mice subjected to transient ischaemia, then FACS analysis was performed. c, Representative image before cell sorting. d, Purity after cell sorting. e, The MAP2+ GFPâˆ’ or MAP2+ GFP+ populations were 92.5% or 85.9% positive for DAPI, respectively. f, Western blot analysis demonstrated that both GFP-positive and -negative neurons expressed mature neuron marker (neurofilament) but not neuronal stem-cell marker (nestin). These data exclude the possibility that GFAP-positive cells included subsets of neuronal precursor cells that are known to also express GFAP.


Extended Data Figure 8 Effects of CD38 suppression by siRNA in vivo and in vitro.
a, Western blot showed that CD38 expression was increased in peri-infarct cortex at days 1 to 7 after stroke. b, Cd38 siRNA or a scrambled control was injected into lateral ventricles at 5 days after stroke. Western blot analysis confirmed that CD38 expression was successfully decreased in peri-infarct cortex at 7 days. c, In peri-infarct cortex, CD8 T-cell and Iba1-positive microglia/macrophages were detected by immunohistochemistry. d, Quantification of the number of CD8-positive or Iba1-positive cells indicated that there was no difference between control siRNA or Cd38 siRNA (nâ€‰=â€‰6 mice per group). Data are meanâ€‰Â±â€‰s.e.m. e, Cultured rat cortical astrocytes were subjected to OGD for 2â€‰h followed by treating with control siRNA or Cd38 siRNA. Astrocyte cell morphology or GFAP expression was assessed by immunocytochemistry or western blot after 22â€‰h reoxygenation. f, Morphology change was not clearly observed in cultured astrocytes treated with Cd38 siRNA compared to control siRNA. g, Western blot analysis showed that CD38 was successfully decreased by siRNA transfection but GFAP expression was not changed.


Extended Data Figure 9 Neuronal purity confirmed by FACS analysis in vivo.
To confirm our FACS findings, we used two different published standard approaches32,33. a, By FACS, the MAP2-positive population was gated and further assessed by markers such as Iba1 (microglia/macrophage) and GFAP (astrocyte) in brain cell samples isolated from C57BL/6â€‰J mice. These comparisons confirmed that the MAP2+ population did not contain any appreciable amounts of microglia or astrocytes, whereas another neuron marker (NeuN) was highly enriched. b, Similar findings were obtained using an alternative gating method to isolate neurons.


Extended Data Figure 10 Involvement of integrin-mediated Src/Syk signalling mechanisms in astrocytic mitochondrial entry into neurons in vitro.
a, b, Cultured rat cortical astrocytes were stimulated by cADPR (1 Î¼M) for 24â€‰h. Intracellular mitochondria labelled by MitoTracker dye was significantly increased in astrocytes stimulated with cADPR (1 Î¼M) (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰7 independent experiments). **Pâ€‰<â€‰0.01 versus 0â€‰h. c, Some mitochondria were found outside of cells. d, FACS analysis revealed that approximately 5â€‰Ã—â€‰105 mitochondria were contained in 1â€‰ml ACM. cADPR (1â€‰Î¼M) significantly increased the number of mitochondria in the media (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰6 independent experiments). e, Experimental schedule to quantify the entry of mitochondria into neurons after OGD. Rat cortical neurons (1â€‰Ã—â€‰105 cells per well) were prepared in 24-well culture plates. ACM or cADPR-ACM (each 1â€‰ml) was co-incubated with neurons for 18â€‰h. Mitochondrial entry into neurons was calculated by mitochondrial intensity measured before and after washing cells with PBS. Phenol-red-free culture media was used to decrease the background signal. The background signal was subtracted from the fluorescent intensity obtained from each sample. f, OGD for 2â€‰h decreased approximately 50% of the mitochondria in neurons after 18â€‰h reoxygenation (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰4 independent experiments). g, Data are expressed as relative values, with total neuronal mitochondria after 2â€‰h OGD/18â€‰h reoxygenation being 100%. Mitochondrial entry into neurons was slightly higher after cADPR-ACM treatment (18%) compared to ACM treatment (11%), although there was no statistical significance (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰4 independent experiments). h, There was no difference in the percentage of mitochondrial entry after ACM treatment or cADPR-ACM treatment (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰4 independent experiments). i, cADPR-ACM treatment supported neuronal viability better than ACM treatment (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰4 independent experiments). j, Co-culture between rat cortical astrocytes in the upper chamber and rat cortical neurons in the lower chamber was performed for 18â€‰h after OGD for 2â€‰h in neurons. Mitochondrial entry into neurons was then measured. k, Immediately after OGD, dynasore (5â€‰Î¼M), RGDS peptide (H-Arg-Gly-Asp-Ser-OH; 50â€‰Î¼gâ€‰mlâˆ’1), or MNS (3,4-methylenedioxy-Î²-nitrostyrene; 1â€‰Î¼M) was initially added to neurons for 30â€‰min, then astrocyte co-culture was performed for 18â€‰h. Data are expressed as relative values, with astrocytic extracellular mitochondria plus entered mitochondria into neurons being 100%. RGDS peptide and MNS significantly decreased mitochondrial entry into neurons, but dynasore did not inhibit the entry. l, MNS treatment significantly decreased astrocyte-mediated neuroprotection (nâ€‰=â€‰2 biological replicates, nâ€‰=â€‰4 independent experiments). m, Dynasore (5â€‰Î¼M), RGDS peptide (50â€‰Î¼gâ€‰mlâˆ’1), or MNS (1â€‰Î¼M) did not affect neuronal viability after 2â€‰h OGD (nâ€‰=â€‰4). Data are meanâ€‰Â±â€‰s.e.m. These data suggest that the entry of astrocytic mitochondrial particles into neurons may involve integrin-mediated Src/Syk signalling mechanisms. However, we acknowledge that these pathways may be multifactorial, and deeper analyses are warranted to dissect entry mechanisms under various physiological and pathological conditions. P values are from a one-way ANOVA followed by Tukeyâ€™s test (a, i, k, l) or an unpaired t-test (d, g).
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