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Astrocytes and microglia play orchestrated roles 
and respect phagocytic territories during neuronal 
corpse removal in vivo
Eyiyemisi C. Damisah1,2*, Robert A. Hill1,3*, Anupama Rai1, Fuyi Chen1, Carla V. Rothlin4,5, 
Sourav Ghosh1,5, Jaime Grutzendler1,6†

Cell death is prevalent throughout life; however, the coordinated interactions and roles of phagocytes during 
corpse removal in the live brain are poorly understood. We developed photochemical and viral methodologies to 
induce death in single cells and combined this with intravital optical imaging. This approach allowed us to track 
multicellular phagocytic interactions with precise spatiotemporal resolution. Astrocytes and microglia engaged 
with dying neurons in an orchestrated and synchronized fashion. Each glial cell played specialized roles: Astrocyte 
processes rapidly polarized and engulfed numerous small dendritic apoptotic bodies, while microglia migrated 
and engulfed the soma and apical dendrites. The relative involvement and phagocytic specialization of each glial 
cell was plastic and controlled by the receptor tyrosine kinase Mertk. In aging, there was a marked delay in apop-
totic cell removal. Thus, a precisely orchestrated response and cross-talk between glial cells during corpse removal 
may be critical for maintaining brain homeostasis.

INTRODUCTION
Cell death is an evolutionarily conserved and ubiquitous process 
occurring in most organ systems throughout life (1, 2) and has been 
implicated in a variety of homeostatic functions such as developmen-
tal tissue patterning, immune regulation, and defense against intra-
cellular infectious pathogens (3–5). In the central nervous system 
(CNS), cell death plays an important role in developmental regula-
tion of cell numbers and subtypes in different CNS regions (3, 6) 
and also in pathological states such as viral infection (7).

It is widely recognized that cell death is associated with rapid 
and robust cellular responses by professional and nonprofessional 
phagocytes for corpse removal (8–10). Ineffective clearance of dying 
cells is implicated in a variety of inflammatory (11, 12), autoimmune 
(11), developmental (13), and neurodegenerative conditions (14). 
Because of this, the mechanisms for detection and removal of cells 
are highly regulated and involve signals derived from dying cells, 
which activate receptors on phagocytes to initiate corpse engulfment 
and clearance (15).

In the mammalian brain, microglia are regarded as the primary 
phagocyte responsible for corpse removal; however, under certain 
conditions, astrocytes have been shown to demonstrate phagocytic 
capability (16, 17). Mutations in microglia and/or astrocyte genes 
including Csf1r (18), Trem2 (19, 20), and Mertk (21) have been impli-
cated in neurodegenerative disorders (15, 22, 23). However, the pre-
cise interplay between astrocytes and microglia during corpse removal 
remains unexplored. Specifically, whether astrocytes and microglia 
act in concert or independently to remove dying cells or whether each 
cell population has specialized functions is not known. Furthermore, 

the molecular mechanisms that mediate the complex dynamic inter-
actions between microglia, astrocytes, and dying cells are not well 
understood.

Brain phagocytes use a variety of receptors to identify, engage, 
and engulf cells programmed to die. Among those, the receptor ty-
rosine kinases Axl and Mertk are known to mediate the clearance of 
apoptotic cells by sensing flipped phosphatidylserine on the outer 
membrane of dying cells, which activates signaling for cytoskeletal 
rearrangement, leading to phagocytosis (7, 24, 25). Axl and Mertk are 
expressed in both astrocytes and microglia (26, 27); however, the 
precise function of these receptors has not been fully characterized. 
Specifically, it is not known how these receptors affect the relative 
function of astrocytes and microglia or whether they mediate a co-
ordinated interplay between these cells during corpse removal.

Despite the large number of cells that undergo apoptosis daily, 
visualization of the cell death process, the specific role of phago-
cytes, and the mechanisms of corpse removal in vivo have been lim-
ited. This is partly due to the unpredictable timing and location of 
apoptosis, the rapid progression of the cell death process, and the 
efficient removal of apoptotic cells by phagocytes. To address this, 
we have developed photochemical and viral methodologies to in-
duce death in single cells in the live brain and combined these 
approaches with intravital optical imaging of the multicellular glial 
reaction associated with cell death and corpse clearance. This allowed 
us to track the precise multicellular interactions of defined phago-
cyte populations during their engagement with a dying cell, with high 
temporal and spatial resolution in the live brain.

Unexpectedly, we found that astrocytes and microglia acted in 
a highly coordinated fashion, negotiating the removal of apoptotic 
cells and debris. Although microglia and astrocytes polarized si-
multaneously toward the dying cells and displayed a high degree of 
intermingling during this process, each cell exhibited specialized 
functions. Astrocytes engulfed diffuse apoptotic bodies derived from 
the extensive dendritic arbors of dying neurons, by polarizing their 
distal processes without exhibiting cell body migration. In contrast, 
microglia predominantly phagocytosed dendrites, cell bodies, and 
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nuclei by migrating toward these structures and completely engulf-
ing them. Following reductions in microglia cell density, astrocytes 
readily compensated by engulfing cell bodies, but the overall process 
was less efficient. The coordinated responses by microglia and as-
trocytes were tightly regulated by the receptor tyrosine kinase Mertk. 
This was evidenced by a delayed recognition by microglia and fail-
ure of astrocyte polarization toward dying cells in the absence of 
Mertk. Advanced aging was also found to be associated with a delay 
in the removal of dying neurons.

Overall, our data provide evidence that astrocytes and microglia 
divide the labor of corpse removal in a highly coordinated fashion. 
Thus, regulation of microglia-astrocyte orchestration could be crit-
ical for recovery of homeostasis in a variety of brain disorders and 
its defect may contribute to age-related neurodegeneration.

RESULTS
Imaging the coordinated multicellular responses during 
neuronal corpse clearance in live mice
The efficient and complete removal of dying neurons poses a major 
challenge to phagocytes given their complex dendritic and axonal 
arborizations spanning long distances. The extent of involvement 
of the different brain phagocytes and whether they coordinate their 
responses during the removal of various parts of a cell in the mam-
malian brain is not known. In addition, spontaneous cell death in 
the brain is difficult to capture by live imaging due to its sporadic 
nature and unpredictable location. To induce apoptosis of individ-
ual cells at a desired time and location in the adult mouse brain, we 
implemented methodologies we recently developed for single cell–
targeted ablation using two-photon–mediated photochemically in-
duced apoptosis (2Phatal) (Fig. 1, A and B, and movie S1) (28). This 
method uses a femtosecond-pulsed laser to bleach a nucleic acid 
binding dye within experimentally targeted cells, which induces a 
stereotyped apoptotic cell death process without triggering injury- 
related glial activation (figs. S1 and S2 and movie S2) (28). To gain 
an understanding of the precise dynamics of the different types of 
glia during corpse removal, we visualized fluorescently labeled glial 
cells with time-lapse two-photon imaging following 2Phatal-induced 
apoptotic neuronal death in the live mouse brain.

Multiple glial types compete for cell body engulfment,  
but a single microglia prevails
We observed that both astrocytes and microglia rapidly and con-
currently polarized their processes toward dying cells within 2 to 
3 hours after induction of apoptosis (Fig. 1, C, D, F, and G). Although 
astrocytic and microglial processes were initially heavily intermin-
gled, microglia migrated and fully encapsulated apoptotic cell bodies 
(Fig. 1C, fig. S3A, and movie S2). In a subset of cases (~20%), we 
observed no astrocyte polarization after apoptotic induction, which 
tended to occur when microglia polarized more rapidly toward dy-
ing cells. Furthermore, during the microglia polarization process, 
we observed that multiple microglia in the vicinity of a dying cell 
projected their processes and started to wrap around the cell; how-
ever, within a few hours, the cell body of only one microglia migrated 
and fully engulfed the dying cell (fig. S3B and movie S3). In addition 
to the microglia and astrocyte responses, NG2 glia also exhibited a 
subtle but targeted response to dying cells at 6 hours. In many cases, 
the polarization of NG2 glia remained at 24 hours despite complete 
removal of the dead cell and appeared to fill the space left following 

corpse removal (fig. S4). These data show that following induction 
of cell death, multiple microglia, astrocytes, and NG2 glia rapidly 
respond to cues from dying neuronal cell bodies, but eventually only 
one microglia prevails. This suggests either an intercellular compet-
itive mechanism or precise intercommunication between glial cells 
to coordinate the engulfment process.

Segregation of function and division of labor between 
astrocytes and microglia during neurite clearance
Having shown that microglia play a predominant role in the removal 
of somas, we asked whether the same was true for the removal of 
dendritic arbors, which might pose a significant challenge given their 
diffuse nature. We used a combination of microglia reporter mice 
and sulforhodmaine-101 to label astrocytes and to track these cells 
in vivo during induction of individual neuronal death. We observed 
that microglia tended to specialize in engulfing dendritic branches 
closest to the soma (Fig. 1E and fig. S3, C and D) and tightly wrapped 
around proximal dendrites with extreme precision (fig. S3, D and E). 
In contrast to microglia, astrocytes polarized their fine and extensive 
processes to engulf large numbers of small diffuse apoptotic neuritic 
fragments, especially those derived from more distal neuronal branches 
(Fig. 1H and movie S4). This engulfment did not require any mobi-
lization of astrocyte cell bodies, as was seen during microglia engulf-
ment, which may reflect the fact that astrocyte processes are already 
in close contact with most neuronal branches and may thus be better 
positioned to compete for phagocytic territory.

Precise phagocytic boundaries between astrocytes 
and microglia in various models of cell death
To test whether this specialization and functional orchestration be-
tween glial cells was present in other modes of cell death, we imaged 
spontaneously occurring cell death in early postnatal development 
(Fig. 2, B to D) or after induction of cell death in adults through 
intracerebral injection of high-titer adeno-associated virus-9 (AAV9) 
(figs. S5 and S6) (29). Using these models and high-resolution fixed 
tissue confocal imaging, we were able to visualize the cell body and the 
more distal neurites of dying cells, concurrently with the associated 
glial reaction. Despite the fact that cell death is a more protracted 
process in the viral infection model, we found notably similar features, 
as is seen with apoptotic death during early postnatal development 
(postnatal day 5) and after 2Phatal. Microglia were found to specialize 
in engulfing cell bodies and proximal dendrites (Fig. 2, A and B), 
while astrocytes preferentially engulfed distal processes and diffuse 
neuritic debris (Fig. 2, A and B, and fig. S7). The processes of micro-
glia and astrocytes were frequently found to be precisely segregated 
along the surface of dying cell bodies and neurites (Fig. 2, A to D).

Overall, these data reveal that both astrocytes and microglia are 
concurrently active during corpse removal, but each cell has specific 
and specialized roles. In addition, a notable feature is that they oc-
cupy precise territories and respect each other’s boundaries, suggest-
ing the presence of local mechanisms of communication between 
these cells. This orchestrated response and division of labor may be 
critical for the effective containment of the disrupted cell bodies 
and the diffuse processes of apoptotic and virally infected cells.

Mertk is critical for determining the speed of microglia 
engagement with dying cells
Microglia express a variety of receptors that have been implicated in 
the recognition and engulfment of dying cells (30–33). Among those, 
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the tyrosine kinase receptors Axl and Mertk have been shown to me-
diate phagocytosis during developmental and pathological processes 
(7, 24). Axl and Mertk are also expressed in astrocytes (26, 34), al-
though their role in these cells is less well understood. To investigate 

the precise role of Axl and Mertk during the orchestrated astrocyte- 
microglia response to dying cells, we implemented our 2Phatal- 
targeted apoptotic method combined with high-resolution in vivo 
imaging of glia and neurons in mice lacking either or both receptors. 

Fig. 1. Live imaging of astrocytes and microglia during cell corpse removal. (A) Photochemical ablation and induction of single-cell apoptosis via 2Phatal in live 
mouse cortex. (B) Hoechst 33342 dye labeling of cell nuclei (blue), fluorescently labeled neurons (white), and microglia (green) before 2Phatal. The boxed region is mag-
nified, and time-lapse imaging shows targeting of a single neuron for 2Phatal (blue arrow) followed by a single microglial cell occupying the territory of the ablated 
neuron 24 hours later. (C) Time-lapse imaging showing microglia engulfment of a dying neuron with a condensed nucleus (red arrow). (D) Traces depicting 21 cell death 
events, showing the timing of microglia arrival and engagement with the dying cells from four mice. (E) Time-lapse imaging detailing microglia engulfment of apoptotic 
neurites (red arrows) over 6 hours. (F) Time-lapse imaging showing subtle astrocyte polarization around a cell targeted with 2Phatal (green arrowheads). (G) Timing of 
astrocyte engagement with 15 single dying cells collected from four mice. (H) Time-lapse imaging showing the dynamic formation of astrocyte polarization around 
apoptotic neurites over 6 hours (green arrowheads).
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We found that in mice with deletion of Mertk (Mertk−/−), there was a 
significant delay in the timing of cell body clearance (Fig. 3, A to C). 
In contrast, Axl deletion had no effect on the timing of corpse removal 
(Fig. 3, A to C). Furthermore, mice with deletion of both Axl and Mertk 
showed no additional delay compared to Mertk deletion alone (Fig. 3, 
A to C). Our ability to image apoptotic events concurrently with the 
reaction of microglia at high spatiotemporal resolution afforded us 
the opportunity to precisely discern the specific role of Mertk at vari-
ous stages of apoptotic cell removal. We observed that in Mertk−/− mice, 
there was a delay in the timing of initial microglia process engage-

ment with the dying cells (Fig. 3D) rather than in the overall dura-
tion of the phagocytic event (Fig. 3, D to F). These data provide direct 
in vivo evidence that Mertk is critical for determining the speed of en-
gagement of microglia toward dying cells, and its absence provides 
other glial cells the opportunity to compete for phagocytic territory.

Astrocyte polarization and lysosome recruitment toward 
dying cells is dependent on the speed of microglia engagement
We had initially observed that astrocytes react quickly by subtle po-
larization of their fine processes toward dying neurons (Fig. 1F). In 

Fig. 2. Territorial segregation of glial processes during cell corpse engulfment. (A) Confocal fluorescence image showing division of labor between microglia (green) and 
astrocytes (red) during elimination of a neuron (white, yellow arrow) and its apical dendrite, after cell death induction by high-titer adeno-associated virus-9 (AAV9)–green 
fluorescent protein (GFP) infection. The microglia has converged on the soma and apical dendrite (yellow arrowheads), while the astrocyte surrounds the distal dendrite 
(white arrowheads), with boundaries observed between processes of these glial cells. (B) Confocal fluorescence image of spontaneous cell death during postnatal develop-
ment in mouse cortex. The soma (yellow arrow) and neurites (blue arrows), labeled via caspase-3, are engulfed by microglia (green), while the distal dendritic processes are 
engulfed by astrocytes (red). Intermingling of both glia processes is observed in the middle portion of the dendrite. (C and D) Examples of cells labeled by caspase-3 immuno-
fluorescence showing astrocytes (red) and microglia (green) polarized toward different parts of the dying cell with territorial boundaries (white arrowheads). (E) Quanti-
fication of the relative engulfment of cell bodies and dendrites by astrocytes and/or microglia following cell death by high-titer AAV9-GFP infection (n = 3 mice per group, 
greater than 50 apoptotic neurites and 20 cell bodies per mouse). Statistics with two-way analysis of variance (ANOVA) with Holm Sidak’s multiple comparisons test.



Damisah et al., Sci. Adv. 2020; 6 : eaba3239     26 June 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 12

the subset of cases when there was a very rapid microglia polariza-
tion toward the apoptotic cell body, we observed limited concurrent 
astrocyte polarization. Thus, the speed of microglia engagement with 
the soma appears to be critical for determining the degree of astro-
cyte response.

To better understand this process, we used a fluorescent reporter 
of lysosomes, Lysosomal Associated Membrane Protein 1 [LAMP1–
green fluorescent protein (GFP)] in astrocytes to evaluate the phago-
cytic potential of the astrocyte polarization. Under normal conditions, 

we observed that in most cases, astrocyte lysosomes were not recruited 
toward processes contacting dying cells (Fig. 4, A, B, and F). Likewise, 
deletion of Mertk in both astrocytes and microglia resulted in no 
lysosomal polarization by astrocytes (Fig. 4, D and F). However, when 
Mertk was specifically deleted in microglia (Csf1r-cre: Mertkfl/fl), we 
found that astrocytes exhibited a robust lysosome polarization toward 
dying cells (Fig. 4, E and F). Because Mertk loss in microglia results in 
their delayed engagement, these experiments suggest that the timing 
of microglia engagement is a critical determinant of astrocyte lysosome 

Fig. 3. Deletion of Mertk, but not Axl, leads to a delay in microglial detection and clearance of apoptotic cells. (A and B) AAV neuronal labeling and time-lapse im-
aging detailing the timing of corpse removal after 2Phatal in wild-type, Axl−/−, Mertk−/−, and Axl−/−Mertk−/− single- or double-knockout mice. Neuronal corpses were 
cleared within 24 to 48 hours after 2Phatal in wild-type and Axl−/−, but remained longer in Mertk−/− and Axl−/−Mertk−/− mice. (C) Quantification detailing the time to corpse 
removal after 2Phatal, revealing clearance defects in Mertk−/− and Axl−/−Mertk−/− mice but not in Axl−/−, and no significant additive effects of the double knockout [time to 
cell clearance: wild type = 41 hours; Axl−/− = 37 hours; Mertk−/− = 86 hours; Axl−/−Mertk−/− = 96 hours; P values as indicated for each comparison, log-rank (Mantel-Cox) test, 
n = 3 mice per group]. (D) Visualization of microglia in wild-type and Mertk−/− mice revealed that the delayed corpse removal in Mertk−/− was caused by delayed microglia 
engagement with the dying cell. (E) Traces depicting 16 wild-type and Mertk−/− cells, indicating the timing of cell condensation, microglia engagement, and corpse clear-
ance. (F) Average time for initial microglia engagement comparing wild-type and Mertk−/− cells (time to engagement: wild type = 6 hours, Mertk−/− = 55 hours; P < 0.0001, 
unpaired t test, n = 16 cells per group).
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polarization. They also suggest that the relative expression and 
magnitude of Mertk signaling in both microglia and astrocytes may 
determine their speed and degree of coordinated engagement. However, 
when comparing the timing of corpse removal between global Mertk−/− 
and microglial-specific Mertk deletion (Csf1r-cre/Mertkfl/fl), we found 
no statistically significant difference (corpses remaining at 48 hours: 
100% in Mertk−/− and 86% in Csf1r-cre: Mertkfl/fl; n = 3 mice per group 
and 15 cells per genotype; P = 0.34). We thus conclude that in the absence 
of microglia Mertk, astrocytes may play a role in the phagocytosis of the 
dying soma; however, their contribution does not change the overall 
timing of corpse removal. Therefore, in this situation, the relative contri-
bution of each phagocyte to corpse removal remains to be determined.

A multicellular astrocytic reaction is responsible for cell 
body removal in the absence of microglia
We have shown that under normal circumstances, astrocytes phago-
cytose diffuse neurites, but do not phagocytose cell bodies. To deter-
mine whether under pathological conditions, astrocytes are capable 
of compensatory plasticity for cell body removal, we eliminated micro-
glia by administration of the CSF1R antagonist pexidartinib (PLX3397) 
(fig. S8, A to C) (35) while implementing single-cell 2Phatal induc-
tion of neuronal apoptosis. We observed a marked delay in the speed 
of apoptotic cell body removal, as evidenced by the rates of cyto-
plasm shrinkage and disappearance of labeled nuclei (90% nuclei 
removal rate at 24 hours in control versus 0% at 24 hours in PLX3397- 
treated mice; Fig. 5, A to C). We observed that multiple adjacent 
astrocytes polarized their processes to form a multicellular tight en-
velope around dying cells, without any migration of their cell bodies 
(Fig. 5, D and E). In contrast to the transient astrocyte polarization 
seen in the presence of microglia (Fig. 1F), this astrocytic response 
persisted and was characterized by a marked polarization of lyso-
somes at the contact points with the dying cells (Figs. 4C and 5F). 
As the dying cell cytoplasm gradually shrunk, there was a concurrent 
tightening of the astrocytic envelopment. Given the absence of other 
phagocytes in the area and the strong astrocytic lysosome polariza-
tion, we speculate that astrocytes engage in gradual digestion in a 
“piecemeal” fashion rather than full engulfment, which may be 
mechanistically related to the phenomenon of trogocytosis (36). 
Together, these data show marked astrocytic functional plasticity 
in the absence of microglia; however, the overall timing of cell body 
removal is significantly delayed, which may have pathological 
consequences.

Inefficient corpse clearance in advanced aging
Advanced brain aging is associated with ongoing death in many cell 
populations (37, 38). Therefore, effective corpse removal is essential 
to maintain homeostasis. To better understand the effect of glial aging 
on the kinetics of apoptotic cell removal, we implemented 2Phatal 
to induce cell death in 26- to 28-month-old mice. We observed that 
the timing of nuclear condensation following 2Phatal was not sig-
nificantly different in aged mice compared to 2- to 4-month-old adults 
(condensed nuclei: 38 of 39 cells at 6 hours in aged mice compared 
to 48 of 50 cells in adult mice), suggesting that the cell death process 
was not altered by aging. However, there was a marked delay in the 
removal of apoptotic nuclei as assessed by in vivo imaging (Fig. 6).

We then aimed to investigate the effects of aging on the glial reac-
tion but had to do this in fixed tissues given the difficulty of breed-
ing aged reporter mice for in vivo imaging. We searched extensively 
in immunostained tissues to find occasional caspase-3–positive cells 

with condensed nuclei. In those cases, we observed typical microglia 
and astrocyte polarization toward spontaneously dying cells (fig. S9); 
however, in fixed tissues, we were unable to analyze the temporal 
dynamics of this process. Nevertheless, given the delayed removal 
of nuclei that we observed in vivo, we conclude that microglia and 
astrocytes may be impaired in their ability to either sense the apop-
totic cell or initiate the phagocytic event or are defective in their 
digestive capacity following engulfment. The precise molecular mech-
anisms of these defects are unclear; however, we do not think that 
this delay is due to Mertk deficiency. This idea is supported by 
recent single-cell transcriptome analysis, showing that Mertk levels 
are similar between adults and aged mice (39), and our own quan-
titative immunofluorescence analysis showing no aging-related 
reductions in MERTK protein (fig. S10). Further investigation will 
be required to determine whether the overall delay in corpse re-
moval is due to defects of microglia sensing and engagement with 
dying cells, coordinated responses with astrocytes, or digestion of 
engulfed material.

DISCUSSION
Microglia are considered the primary brain resident phagocytes, al-
though astrocytes have also been shown to exhibit phagocytic func-
tions in vitro, during development, and after injury (16, 34, 40–43). 
It is not known how these cells coordinate their functions and wheth-
er they have specialized roles during corpse removal in homeostatic 
and pathological conditions. Directly answering these questions re-
quires novel techniques for imaging of cell death events concurrently 
with the multicellular glial reactions at high spatiotemporal resolution 
in vivo. We have developed methodologies for single cell–targeted 
photochemical apoptosis (2Phatal) and combined them with dynamic 
in vivo imaging of astrocytes and microglia. This approach has al-
lowed us to discover the precise and coordinated roles that microg-
lia and astrocytes play in the removal of dying cells in the live intact 
mammalian brain.

We found that multiple microglia, astrocytes, and NG2 glia in 
the vicinity of a dying neuron rapidly polarize their processes to-
ward the cell corpse; however, only one microglia migrates to fully 
engulf the dying cell and proximal dendrites (Fig. 1F and figs. S3 
and S4). The role of this initial astrocytic and NG2 glial process po-
larization is unclear, but it may be aimed at forming an early cellular 
barrier to prevent dispersion of small apoptotic debris with toxic or 
infectious materials and limit detrimental immune activation (44). 
We also observed that astrocytes played a predominant role over 
microglia in the engulfment of the extensive and diffuse processes 
of dying neurons without cell body migration. One possibility is that 
astrocytes have extensive arborizations that are in close proximity 
to most cells and neurites, while microglia are sparsely tiled and 
require constant movement of their processes to detect and engage 
dying cells (45, 46). For microglia to engulf an entire cell would re-
quire recruitment and polarization of a large number of cells, which 
would be inefficient, energetically unfavorable, and potentially det-
rimental. Therefore, astrocytes are better positioned to engulf dif-
fuse apoptotic debris without large-scale migration. Alternatively, 
there could be unique “eat me” signals in different parts of dying 
cells (cell body versus dendrites) that may explain the differential 
responses of astrocytes and microglia (16, 17, 34, 47).

Brain phagocytes use a variety of receptors for the removal of 
corpses from the brain, including Axl and Mertk (12, 17, 24, 34). 
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However, the role of these receptors in the coordinated response of 
microglia and astrocytes in real time has not been explored. Our 
intravital imaging and targeted apoptotic approach allowed us to 
distinguish different aspects of the engulfment process (i.e., time 
to recognition of dying cells versus overall corpse clearance). We 
found that disruption of Mertk signaling led to a marked delay in the 
recognition of dying cells by microglia and a failure of astrocytes to 
polarize and recruit lysosomes (Figs. 3D and 4D). In contrast, Axl 
did not play a significant role in the removal of apoptotic cells in the 
cortex. This contrasts with observations in the neurogenic region of 

the subventricular zone, where Axl has been found to play a syner-
gistic role with Mertk in cell removal (24). Deletion of Mertk only 
in microglia or microglia cell depletion elicited a robust compensation 
by astrocytes, as evidenced by their lysosomal polarization toward the 
dying cells (Fig. 4, C and E). This suggests that Mertk could be an 
important regulator of the timing of phagocyte engagement and that 
it may also play a role in astrocyte and microglia cross-talk during 
corpse removal.

The spatiotemporal orchestration of the astrocyte-microglia re-
action not only was an exclusive feature of apoptosis but also was 

Fig. 4. Mertk knockout disrupts astrocyte lysosome polarization toward dying cells. (A) Labeling of astrocyte lysosomes after injection of AAV5.LAMP1-GFP into the 
subarachnoid space in the adult mouse cortex. (B) Astrocyte response to dying cells in the presence of microglia in adult wild-type mice. Under normal conditions, astro-
cyte lysosomes exhibited little to no polarization around the dying cell with condensed nuclei (white arrow). (C) After PLX3397-mediated microglia ablation, astrocyte 
processes polarized lysosomes to gradually digest dying cells (white arrows). (D) Astrocytes failed to polarize lysosomes around dying cells in Mertk−/− mice. KO, knockout. 
(E) When Mertk is deleted exclusively from microglia (Csf1r-cre:Mertkfl/fl), astrocytes polarized lysosomes around the cell corpses, consistent with their response when 
microglia were completely absent. (F) Graphical representation and quantification of lysosome-filled thick astrocyte processes polarized around cell corpses in all groups 
(control, PLX3397-treated, germline Mertk deletion, and microglia-specific Mertk deletion, n = 3 mice per group).
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observed in a viral AAV9 infection model and spontaneously oc-
curring cell death. Regardless of the mode of death, astrocytes and 
microglia engaged dying cells in a coordinated and stereotypical 
fashion whereby they precisely respected each other’s phagocytic 

territories. One possible explanation could be that phagocyte pro-
cesses in the vicinity of dying cells detect eat me signals and polarize 
their processes, restricting access of these signals to neighboring 
phagocytes, thereby suggesting a competitive process between glial 

Fig. 5. A multicellular astrocytic reaction mediates phagocytosis after microglia elimination. (A) Time-lapse imaging of virally labeled neuron after 2Phatal induction 
(yellow arrow), showing cell death and corpse clearance occurring over 24 hours. (B) Time-lapse imaging of a neuron (yellow arrow) after induction of apoptosis in a 
PLX3397-treated mouse. In the absence of microglia, the cytoplasm of the apoptotic neuron remained stable for an additional 24 to 48 hours, with corpse removal occurring 
48 to 78 hours after 2Phatal induction. (C) The relative change in cell body size and timing of apoptotic cell clearance in control- and PLX3397-treated cohorts [time to cell 
clearance: control = 28.9 hours; PLX3397 = 55.1 hours; P = 0.0246, log-rank (Mantel-Cox) test, 15 single cells per mouse, n = 3 mice per group]. (D and E) Delayed corpse 
removal in the absence of microglia resulted in astrocyte polarization around the dying cell (white arrows and arrowheads). Neuron and astrocyte labeled via AAV infec-
tion or with SR101 fluorescent dye for astrocytes (red) in a Thy1-YFP mouse neuron labeling (green). In the absence of microglia, astrocytes did not move their cell bodies 
during the formation of the barrier. (F) AAV labeling of lysosomes reveals astrocytic lysosome polarization (arrowheads) around a cell corpse in a PLX3397-treated animal.
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cells. There could also be specialized and dynamic signals (48) for 
lateral inhibition leading to territorial segregation between astro-
cytes and microglia, which are yet to be discovered.

Together, our data have uncovered a previously unappreciated 
orchestrated response of microglia, astrocytes, and NG2 glia during 
the removal of dying neurons from the brain. Astrocytes and microg-
lia have specialized functions in the removal of either large cell 
bodies or small diffuse debris and demonstrate remarkable territo-
rial precision during this process. The relative contributions of 
each cell type can be plastic depending on the timing and avail-
ability of each phagocyte and is further regulated by the tyrosine 
kinase receptor Mertk. The predominant microglia specialization in 
cell body removal could be important for preventing the spread of 
viral particles that have entered the nucleus or pro-inflammatory 
double-stranded DNA. On the other hand, astrocytes effectively 
remove the large volume of diffuse microdebris resulting from the 
death of single cells, particularly in the case of large neurons. The 
delay in cell body removal that we observed in aging could be a 
previously unrecognized mechanism of homeostatic disruption 
that leads to neurodegeneration, autoimmunity, and differential 
responses to infectious agents.

MATERIALS AND METHODS
Transgenic mouse strains
All experimental procedures were approved by the Institutional 
Animal Care and Use Committee at Yale University. Male and fe-

male mice aged P5 to P840 housed in a 12-hour light/dark cycle with 
three to five animals per cage were used in these studies. The follow-
ing transgenic lines were used for visualization of various cell pop-
ulations in the live brain: Cx3cr1GFP/+ (Jax #005582); Thy1-YFP-H 
(Jax #003782); Aldh1l1cre/ERT2 (Jax #029655); NG2cre (Jax #008533); 
Z/EG (Jax #003920); tdTomato Ai9 (Jax # 007909); Axl−/−, Mertk−/−, 
and Axl−/−/Mertk−/− (49); and Csf1creMertkfl/fl (24). Daily intraperi-
toneal injections of tamoxifen (75 mg/kg for 4 days total) as a solu-
tion in corn oil (Sigma) were given to induce Cre recombination and 
initiate fluorescent reporter expression. Adult Cx3cr1GFP/+ mice were 
used for all experiments involving microglia imaging. A sample 
size of at least three mice (of either sex) was randomly allocated to 
experimental groups.

Antibodies and reagents
Anti-Iba1 polyclonal antibody (Wako, 019-19741) was used to label 
microglia. Anti-Aldh1L1 polyclonal antibody (NeuroMab, P28037), 
anti-GFAP (glial fibrillary acidic protein) (Dako, Z0334), and rabbit 
anti-S100ß (DAKO GA504) antibodies were used for astrocyte la-
beling. Anti-MERTK antibody (R&D Systems, AF591) was used for 
MER proto-oncogene tyrosine kinase (MERTK) labeling. Anti- 
cleaved caspase-3 rabbit antibody (D175; Cell Signaling Technology) 
was used for apoptotic cell labeling. Hoechst 33342 (H3570, Thermo 
Fisher Scientific) was used to label DNA and cell nuclei. Anti-MLKL, 
clone 3H1 (MABC604), was used for necroptotic cell labeling. Secondary 
antibodies for immunohistochemistry were fluorophore-conjugated 
anti-goat (A-21447, Thermo Fisher Scientific), anti-rabbit (A-31572, 

Fig. 6. Aging disrupts the timing of cell corpse removal. (A) Time-lapse images detailing: before, 6 hours after, and 24 hours after 2Phatal induction of apoptotic cell 
death in a 4-month-old mouse. Cells targeted for ablation labeled via Hoechst dye (cyan with yellow arrows). (B) Time-lapse images detailing: before, 6 hours after, 
24 hours after, and up to 72 hours after 2Phatal induction of 2Phatal apoptotic cell death in a 26-month-old mouse. Cells targeted for ablation labeled via Hoechst dye 
(cyan with yellow arrows). (C) Significant difference in the time course of apoptotic cell removal in 4-month-old versus 26-month-old mice [time to clearance: 4 months = 
26.2 hours; 26 months = 57.7 hours, P = 0.0069, n = 4 mice per group, log-rank (Mantel-Cox) test].
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Thermo Fisher Scientific), and anti-mouse (A-21202, Thermo Fisher 
Scientific). Pexidartinib (PLX3397) was purchased from MedKoo Inc. 
(#206178) and used for pharmacological ablation of microglia. Texas 
Red dextran (molecular weight, 70,000; Life Technologies, catalog 
number D-1864) was used for cerebral vessel labeling in vivo.

AAV constructs and production
Virus construct production was done as previously described (50). 
Briefly, the DNA sequence of lysosome-tagged GFP was ligated be-
tween the inverted terminal repeat sites of an AAV packaging plasmid 
with CAG promoter and WPRE/SV40 sequence. Human embryonic 
kidney (HEK) 293T cells were cotransfected with this construct and 
a helper plasmid pDP2 (PlasmidFactory, #PF402) for 96 hours and 
harvested. Virus was purified through iodixanol density centrifuga-
tion and titrated by infecting HEK293T cells. Additional viral vec-
tors were purchased as follows: pENN.AAV9.CB7.CI.eGFP.WPRE.
rGB (Addgene, catalog no. 105542; AAV9 with 1 × 1013 vg/ml) was 
used for in vivo labeling and cell death induction (high-titer virus) 
of neurons. rAAV2/CamKIIa-mCherry (UNC Gene Therapy Vector 
Core) was used for in vivo neuron labeling. AAV5-GFA104-eGFP.
WPRE.bGH (Penn Vector Core, #AAV-5-PV2380) was used to la-
bel astrocytes in vivo.

AAV injections
CamKIIa-mCherry and AAV5.GFAP-GFP or AAV9.CB7.CI.eGFP 
was injected into mouse subarachnoid space, as previously described 
(50). Briefly, mice were anesthetized using ketamine-xylazine. A 
thin skull window about 1 mm in diameter was made with a high-
speed drill at 6 mm anteroposterior, 3 mm mediolateral from bregma. 
The tip of a 30-gauge needle was used to lift about 300 m by 300 m 
piece of thinned skull to expose the underlying dura. The stock solu-
tions of CamKIIa-mCherry and AAV5.GFAP-GFP were diluted in 
fresh sterile (1:20, v/v) phosphate-buffered saline (PBS) solution at 
room temperature before being placed on ice. For AAV9.CB7.CI.
eGFP infusion, the stock solution was diluted in fresh sterile (1:10, 
v/v) PBS solution. The solution was filled into a tygon tube connected 
to a polypropylene tip with an outer diameter of 70 m. A program-
mable syringe pump with a Hamilton syringe was connected to the 
tube. The tip was then inserted into the subarachnoid space and fixed 
with cyanoacrylate glue. Diluted CamKIIa-mCherry (10 l) com-
bined with AAV5.GFAP-GFP (1:1, v/v) or AAV9.CB7.CI.eGFP solu-
tion was injected at speed of 0.2 l per min. After injection, the tip 
was removed, and the mouse scalp was sutured. Mice were put on a 
heating pad for recovery. For stable fluorescent expression, mice 
were imaged 3 weeks after subarachnoid injection.

Cranial window surgery
The cranial window procedure for topical application of florescent 
dyes was performed as previously described (28). Briefly, animals were 
anesthetized with intraperitoneal injection of ketamine (100 mg/kg) 
and xylazine (10 mg/kg). The scalp was shaved and sterilized. A 
midline incision was performed to expose the underlying skull. A 
custom-made plate was fixed to the skull with cyanoacrylate glue. 
An area no larger than 5-mm skull was removed for imaging with 
dye labeling. Dye was applied to the cortical surface as described 
below. For fluorescent DNA labeling, Hoechst 33342 (H3570 Thermo 
Fisher Scientific) was applied directly to the exposed cortex in a 
1:250 (v/v; 0.04 mg ml−1 diluted in PBS) dilution in PBS from stock 
solution for 5 min and then washed thoroughly with PBS. After dye 

labeling, a #0 glass coverslip was cut to size, placed over the craniot-
omy, and glued in place. After craniotomy, the mice were put on a 
heating pad for recovery and two-photon imaging was performed 
24 hours after dye application.

In vivo two-photon imaging
Mice were anesthetized by either isoflurane or intraperitoneal injec-
tion of ketamine and xylazine. Anesthetized mice were head-restrained 
using a custom-made metal screw and fitted under a two-photon 
microscope (Prairie Technologies). Images were captured using a 
mode-locked MaiTai tunable laser (Spectra Physics) with a 20× 
water immersion objective [1.0 numerical aperture (NA), Zeiss]. 
The femtosecond laser was tuned to the following wavelengths for 
two-photon excitation: Hoechst 33342, 775 nm; GFP/YFP (yellow 
fluorescent protein), 800 to 900 nm; sulforhodamine 101 (SR101), 
800 to 900 nm; and CamKIIa-mCherry, 775 nm. All images were 
obtained at depths up to 300 m from the pial surface. For each cell, 
XYZ stacks were taken from a 209-m (X, 1024 pixels), 209-m (Y, 
1024 pixels), and 100-m (Z; step size, 3 m) volume before any cell 
manipulation was done. After cell manipulation, the same XYZ stack 
images were taken at identical resolution. For longitudinal imaging, 
a landmark picture was taken of the pial vessels at the surface of the 
craniotomy window. All coordinates of imaging regions relative to 
the landmark vessels were documented. In later imaging sessions, 
relocation was achieved by matching the blood vessel shape and ori-
entation to the original landmark picture documented.

Induction of apoptotic cell death with 2Phatal
Induction of apoptotic cell death with 2Phatal was done as we pre-
viously described (28). Briefly, to induce apoptotic cell death via 
2Phatal, nuclei were labeled in vivo using Hoechst 33342. Photo-
chemical bleaching of cell nucleus was achieved by focusing a 20- to 
40-mW two-photon laser beam for 10 s on a 20 × 20 pixel (8 m × 
8 m) region of interest (ROI), selected, and centered on the nucleus 
of a targeted, fluorescently labeled neuron (28). Laser wavelength 
was set to 775 nm, and pixel dwell time was set to 100 s for all ex-
periments. Images were obtained before 2Phatal and every 2 to 
3 hours thereafter until complete phagocytosis of the targeted cell 
was achieved. The short photo-bleach time and low laser power en-
sured that there was no laser-induced thermal injury or cell rupture, 
as we previously described (28).

In utero electroporation
PbCAG-TdTomato was used for neuronal labeling via in utero electro-
poration. In utero electroporation was conducted at embryonic day 17 
to label layer II neurons, as previously described (51). Briefly, pregnant 
mice were anaesthetized with a mixture of ketamine (100 mg/kg) 
and xylazine (10 mg/kg). The abdominal region was shaved and 
sterilized. A midline incision was made in the skin and abdominal 
muscles. The uterine horns were exposed, and the lateral ventricle 
of each embryo was targeted with a glass micropipette and pressure- 
injected (Picospritzer II, General Valve) with plasmid DNA (∼0.5 l 
volume per embryo) at a concentration of 1 g l−1. This was fol-
lowed by electroporation with tweezertrodes (50 V, 4- to 50-ms pulses, 
with 1-s pulse interval; BTX Harvard Apparatus) to target layer II/III 
cortical neurons. The embryos were placed back in the abdominal 
cavity, and the muscle and skin were sutured. Electroporated pups 
were aged to postnatal day 60, and a craniotomy was performed 
over the transfected hemisphere to carry out the experiments.
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Pexidartinib (PLX3397) administration
Pexidartinib (PLX3397) was purchased from MedKoo Inc. (#206178) 
and used for pharmacological ablation of microglia. PLX3397 was 
administered orally, as previously described (35). Briefly, PLX3397 
was formulated in standard chow Teklad diet and provided at 
290 mg/kg. Twenty-one days of PLX3397 administration was used 
for all experiments.

SR101 labeling
SR101 (Sigma-Aldrich, catalog no. S7635) was applied to the cortex 
to label astrocytes in vivo, as previously described (52, 53). Briefly 
SR101 was directly applied to the cortical surface for 5 to 10 min at 
a concentration of 50 M and then washed thoroughly for 10 min 
or 100 l was injected intravenously at a concentration of 5 mM 
dissolved in PBS.

Immunohistochemistry
Mice were anesthetized and perfused with PBS and 4% paraformal-
dehyde. Whole-brain tissue was postfixed overnight in 4% paraform-
aldehyde at 4°C. Brain tissue sections (50 m thick) were cut on a 
vibratome and processed for immunohistochemistry. Tissue sections 
were blocked in 1× PBS containing 5% normal donkey serum and 
0.1% Triton X-100 at room temperature. All primary and secondary 
antibodies were diluted in 1× PBS containing 5% normal donkey 
serum and 0.1% Triton X-100. Tissue sections were incubated in 
primary antibodies overnight at 4°C and secondary antibodies for 
2 hours at room temperature.

Confocal microscopy
A Leica SP5 confocal microscope with a 20× water immersion ob-
jective (1.0 NA, Leica) or a 63× oil immersion objective (1.40 NA, 
Leica) was used. Applicable laser excitation wavelengths and acousto- 
optical beam splitter settings were used for optimal fluorophore ex-
citation and emission separation and detection.

Image processing and quantification
Cell body area (Fig. 5) was calculated using a custom-made macro 
based on National Institutes of Health (NIH) ImageJ/Fiji. The cell 
body area for each neuron was extracted from the original XYZ 
stack by making a three–optical slice maximal projection centered 
at the middle plane of the soma. The image stack was then run 
through a “despeckle” filter to remove noise and thresholded. The 
same procedure was performed for all time points. Area measures 
were calculated with Fiji and compared across time points. To 
quantify mean florescence intensities (figs. S2, S7, and S10), images 
were acquired using the same microscope settings in all experimen-
tal groups. Each cell used for analysis was extracted from the origi-
nal XYZ stack by making a three–optical slice maximal projection 
centered at the middle plane of the cell. ROIs were selected using 
the freehand tool. The ROI manager was then used to save the selec-
tion in all channels, and a macro on NIH ImageJ was used to mea-
sure fluorescence intensity.

Statistical analysis
Statistical differences in astrocyte and/or microglia contribution to 
cell body or neurite removal, after virus-mediated cell death (Fig. 2), 
were determined using two-way analysis of variance with Holm Sidak’s 
multiple comparison test. For quantification of apoptotic cell death 
after 2Phatal (Figs. 1 and 3 to 6), cell nuclei were classified as nor-

mal, condensed, or absent based on our previous characterization (28) 
and as indicated in the text and figures. Statistical differences for 
cell corpse removal (cell survival analysis) following 2Phatal were 
determined using the log-rank (Mantel-Cox) test for cell survival 
analysis (Figs. 3, 5, and 6). For quantification of microglia cell den-
sities in Cx3cr1-GFPGFP/+ control and PLX3397-treated mice (fig. S8), 
unpaired Student’s t test was used to determine statistical signifi-
cance. All data were assumed to have a normal distribution and equal 
variance for each statistical test and plotted as the mean ± SEM, as 
indicated in each figure legend. No data were excluded from analysis, 
no randomization was used to assign experimental subjects, and ex-
perimenter blinding was not necessary. No statistical methods were 
used for predetermined sample size determination. For each exper-
iment, animal and cell numbers are indicated in the text/figure leg-
end. Each representative image was successfully repeated in excess 
of at least three image locations for each animal with sample sizes 
(n) designated as single cells followed over multiple days or single 
animals imaged, as indicated in the text and figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/26/eaba3239/DC1

View/request a protocol for this paper from Bio-protocol.
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