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            Abstract
To achieve its precise neural connectivity, the developing mammalian nervous system undergoes extensive activity-dependent synapse remodelling. Recently, microglial cells have been shown to be responsible for a portion of synaptic pruning, but the remaining mechanisms remain unknown. Here we report a new role for astrocytes in actively engulfing central nervous system synapses. This process helps to mediate synapse elimination, requires the MEGF10 and MERTK phagocytic pathways, and is strongly dependent on neuronal activity. Developing mice deficient in both astrocyte pathways fail to refine their retinogeniculate connections normally and retain excess functional synapses. Finally, we show that in the adult mouse brain, astrocytes continuously engulf both excitatory and inhibitory synapses. These studies reveal a novel role for astrocytes in mediating synapse elimination in the developing and adult brain, identify MEGF10 and MERTK as critical proteins in the synapse remodelling underlying neural circuit refinement, and have important implications for understanding learning and memory as well as neurological disease processes.
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                    Figure 1: Localization of MEGF10 and MERTK to astrocytes and their phagocytic roles in purified astrocytes.[image: ]


Figure 2: Astrocytes mediate synapse elimination in the developing dLGN.[image: ]


Figure 3: Astrocytes mediate developmental synapse pruning and remodelling through MEGF10 and MERTK pathways.[image: ]


Figure 4: dLGN neurons are abnormally innervated by multiple weak inputs in Megf10âˆ’/âˆ’; Mertkâˆ’/âˆ’ mice.[image: ]


Figure 5: Neural activity promotes astrocyte-mediated synapse elimination through MEGF10 and MERTK.[image: ]


Figure 6: Astrocytes in the adult cortex continuously engulf synapses.[image: ]
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Extended data figures and tables

Extended Data Figure 1 MERTK protein is localized to multiple cell types.
a, b, Confocal P5 dLGN images showing MERTK (red) protein expression in endothelial cells (arrows) stained with BSL (blue) as well as in astrocytic processes (asterisks) labelled by Aldh1l1-EGFP (green). c, d, Confocal P5 dLGN images showing MERTK (red) protein expression in microglia (arrows) stained with IBA1 (blue) as well as in astrocytes (asterisks) labelled by Aldh1l1-EGFP (green). Scale bar: 10â€‰Î¼m.


Extended Data Figure 2 MEGF10 and MERTK are continuously localized to cortical astrocytes throughout life.
aâ€“f, MEGF10 (red; a, c, e) and MERTK (red; b, d, f) are localized to cortical astrocytes (arrows) labelled by Aldh1l1-EGFP (green) in the P5 (a, b), P30 (c, d) and 1-year-old (e, f) mouse cortex. Whereas MEGF10 is specifically localized to astrocytes, MERTK is also localized to microglia (arrowheads) as well as endothelial cells (asterisks). Scale bar: 20â€‰Î¼m.


Extended Data Figure 3 Phagocytic capacity of Megf10âˆ’/âˆ’ or Mertkâˆ’/âˆ’ astrocytes and microglia measured by FACS.
aâ€“d, FACS profiles of astrocytes (a, c) and enriched microglia population (b, d) for pHrodo intensity after incubating with pHrodo-conjugated synaptosomes for 24â€‰h in the presence of 5% serum. Megf10âˆ’/âˆ’ (a) and Mertkâˆ’/âˆ’ (c) astrocytes (blue lines) show clear leftward shifts in pHrodo intensity compared to wild-type astrocytes (red lines). Megf10âˆ’/âˆ’ microglia (b, blue line) do not show any difference in the FACS profile compared to wild-type microglia (red lines in b). Mertkâˆ’/âˆ’ microglia (d, blue line) exhibit a slight leftward shift in the FACS profile showing strong pHrodo intensity (yellow rectangle) whereas there is no difference in low pHrodo intensity (green rectangle) compared to wild-type microglia. e, Megf10âˆ’/âˆ’ and Mertkâˆ’/âˆ’ astrocytes show a 42% and 51% reduction in the relative engulfment ability, respectively, compared to wild-type astrocytes. f, Mertkâˆ’/âˆ’ microglia show a 25% reduction in the relative engulfment ability compared to wild-type microglia. The relative engulfment ability was calculated by comparing the percentage of the cell population expressing strong pHrodo intensity (>3â€‰Ã—â€‰104). Representative data from three independent experiments are shown. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, one-way ANOVA. NS, not significant. Error bars indicate s.e.m.


Extended Data Figure 4 Astrocytes in the developing dLGN engulf pre-synaptic material.
a, b, Optical sections of the P5 dLGN using structured illumination (a) and confocal (b) microscopy through xy, xz and yz axes show that synaptophysin- (a, arrows) and VGlut2- (b, arrows) positive presynaptic material are engulfed by EGFP-expressing astrocytes (green). Scale bar: 1â€‰Î¼m (a); 5â€‰Î¼m (b).


Extended Data Figure 5 Astrocytes in the developing dLGN engulf pre- and postsynaptic material, revealed by array tomography (AT).
a, 3D-max projection AT images showing EYFP (grey)-labelled P5 dLGN astrocytes (total volume = 155â€‰Î¼m by 125â€‰Î¼m by 2.8â€‰Î¼m). b, Close-up view of EYFP (blue)-labelled dLGN astrocytes. c, d, Close-up view of 3D-max projection AT images showing CTB-594 labelled projections (magenta) before (c) and after (d) image processing, revealing engulfed CTB-labelled debris by astrocytes (blue). e, f, Close-up view of 3D-max projection AT images showing Bassoon (red) before (e) and after (f) image processing, revealing engulfed Bassoon-positive synaptic material by astrocytes (blue). g, h, Close-up view of 3D-max projection AT images showing PSD-95 (cyan) before (g) and after (h) image processing, revealing engulfed PSD-95-positive synaptic material by astrocytes (blue). i, j, Close-up view of 3D-max projection AT images showing GluR1 (green) before (i) and after (j) image processing, revealing engulfed GluR1-positive synaptic material by astrocytes (blue). Scale bar: 50â€‰Î¼m (a); 20â€‰Î¼m (bâ€“j).


Extended Data Figure 6 Astrocytes clear neural debris more robustly than microglia in the developing dLGN.
a, Representative image of P6 dLGN (yellow dotted line) showing astrocytes labelled by Aldh1l1-EGFP (green) and microglia labelled by IBA1 staining (red). b, The number of astrocytes in dLGN is much greater than microglia at P5 (10-fold), P6 (7-fold), P7 (6-fold) and P9 (4-fold). c, The phagocytic index measured by the total amount of CTB debris per unit cell volume showed that during P3â€“P6, microglia engulfed more CTB-labelled debris than astrocytes per unit cell volume, whereas astrocytes and microglia cleared about the same amount of debris per unit cell volume after P6. n = 5 per group. d, The phagocytic index measured by the total amount of CTB debris per imaging field showed that astrocytes clear a significantly greater amount of CTB debris than microglia during P3â€“P9. n = 5 per group. *Pâ€‰<â€‰0.05, ***Pâ€‰<â€‰0.001, t-test. Error bars indicate s.e.m.


Extended Data Figure 7 MERTK is dispensable for the microglia-mediated phagocytosis in developing dLGN.
a, Comparing the phagocytic index of microglia in dLGN during P3â€“P6 between wild-type and Mertkâˆ’/âˆ’ mice. Microglia showed a gradual decrease in the phagocytic index measured from P3 to P6. bâ€“d, Relative engulfment ability between wild-type and Mertkâˆ’/âˆ’ microglia during P3â€“P4 (b), P4â€“P5 (c) and P5â€“P6 (d). Mertkâˆ’/âˆ’ microglia showed a transient increase in the phagocytic index during P4â€“P5. However, the phagocytic index of microglia during P3â€“P4 and P5â€“P6 was comparable between wild-type and Mertkâˆ’/âˆ’ mice. n = 4 per group. **Pâ€‰<â€‰0.01, t-test. NS, not significant. Error bars indicate s.e.m.


Extended Data Figure 8 Spontaneous retinal wave is intact in Megf10âˆ’/âˆ’ ; Mertkâˆ’/âˆ’ mice.
a, Waves occur with the same frequency (left), propagate at the same speed (middle), and are the same size (right) in Megf10âˆ’/âˆ’ ; Mertkâˆ’/âˆ’ retinas. aâ€², Correlation index (CI), computed for spike trains from pairs of neurons and plotted as a function of the distance between electrodes on which the neurons were recorded, shows that CI decreases as a function of distance in both wild-type and Megf10âˆ’/âˆ’; Mertkâˆ’/âˆ’ retinas. Plots summarize data from multiple wild-type (black; n = 5) and Megf10âˆ’/âˆ’; Mertkâˆ’/âˆ’ (red; n = 5) preparations. b, Bursts fired by ganglion cells show no difference in duration (top left), mean spike rate (top middle), or the amount of time spent firing at high frequencies (top right) in Megf10âˆ’/âˆ’; Mertkâˆ’/âˆ’ retinas. The per cent of all spikes that are incorporated into bursts (bottom left), and the per cent of all bursts that occur during waves (bottom right), are also unchanged in Megf10âˆ’/âˆ’; Mertkâˆ’/âˆ’ retinas. Plots summarize data from multiple wild-type (black; n = 5) and Megf10âˆ’/âˆ’; Mertkâˆ’/âˆ’ (red; n = 5) preparations. c, Quantification of directionality parameters shows that the same fraction of ganglion cells demonstrates a directional bias in Megf10âˆ’/âˆ’; Mertkâˆ’/âˆ’ retinas (top). In addition, the magnitude of the directional bias of all neurons in a preparation (bottom) is unchanged in Megf10âˆ’/âˆ’; Mertkâˆ’/âˆ’ retinas. Plots summarize data from multiple wild-type (black; n = 5) and Megf10âˆ’/âˆ’; Mertkâˆ’/âˆ’ (red; n = 5) preparations. t-test.


Extended Data Figure 9 Analysis of astrocytic and synaptic protein localization by array tomography (AT) in the adult cortex with EYFP-expressing astrocytes.
a, 3D-max projection AT images showing EYFP (grey)-labelled astrocytes from the 4-month-old somatosensory cortex (total volume = 155â€‰Î¼m by 125â€‰Î¼m by 2.8â€‰Î¼m). b, Close-up view of EYFP (grey)-labelled cortical astrocytes. câ€“f, Close-up views of 3D-max projection AT images showing EAA2 (c, d; green) and glutamine synthetase (e, f; magenta) staining reveal specific expression of EYFP in astrocytes (d, f; grey). g, h, Close-up view of 3D-max projection AT images showing Bassoon (red) before (g) and after (h) image processing, revealing engulfed Bassoon-positive synaptic material by astrocytes (grey). i, j, Close-up view of 3D-max projection AT images showing PSD-95 (cyan) before (i) and after (j) image processing, revealing engulfed PSD-95-positive synaptic material by astrocytes (grey). Scale bar: 50â€‰Î¼m (a); 20â€‰Î¼m (bâ€“j).





Supplementary information
Astrocytes engulf synaptosomes in vitro
3D-rendering video showing a purified astrocyte (cyan) efficiently engulfed synaptosomes (red) after incubating them in astrocyte-conditioned media for 4 hours. (MPG 12676 kb)


Astrocytes engulf synaptic material in vivo in the developing dLGN
3D-reconstruction video using micrographs from serial block-face scanning electron microscopy revealed that astrocytic processes (cyan) from the postnatal day 5 dLGN fully engulfed presynaptic material (red arrowhead) as well as the second inclusion (black arrowhead). Astrocytic processes (cyan) containing glycogen granules (black dots) make close contacts with intact synapses (yellow rectangles) in the axonal processes (orange). Synaptic vesicles in the intact synapses and the engulfed presynaptic material were shown in red and yellow spheres, respectively. (MOV 14939 kb)
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Synapse elimination is an important aspect of brain development in which the number of synaptic contacts is reduced in an activity-dependent manner. Glial cells â€” non-neural cells that perform a variety of roles in the brain â€” were recently shown to have a role in synapse remodelling, with the phagocytic microglia responsible for a certain proportion of connection refinement, with little else known regarding the mechanisms underlying this. Here, Won-Suk Chung et al. describe comprehensive synaptic engulfment by astrocytes, mediating synapse elimination in an activity-dependent manner. This elimination process involved the MEGF10 and MERTK phagocytic pathways, with transgenic animals lacking these pathways in astrocytes exhibiting a failure to refine retinogeniculate connections during development. These mechanisms also extend into adulthood. This work has implications for our understanding of learning and memory as well as neurological disease processes.
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