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13th Feb 20201st Editorial Decision

Dear Dr. Konishi, 

Thank you for submit t ing your manuscript  to The EMBO Journal. Your study has now been seen by
two referees and their comments are provided below. 

As you can see the referees appreciate the added insight and are support ive of publicat ion here.
They raise a number of relevant concerns that are clearly out lined below. Should you be able to
address the concerns raised then I would like to invite you to submit  a revised manuscript . I should
add that it  is EMBO Journal policy to allow only a single round of major revision and that it  is
therefore important to address the raised concerns at  this stage. 

Let me know if we need to discuss any points in further details. Happy to do so! 

When preparing your let ter of response to the referees' comments, please bear in mind that this will
form part  of the Review Process File, and will therefore be available online to the community. For
more details on our Transparent Editorial Process, please visit  our website:
ht tps://www.embopress.org/page/journal/14602075/authorguide#transparentprocess 

We generally allow three months as standard revision t ime. As a matter of policy, compet ing
manuscripts published during this period will not  negat ively impact on our assessment of the
conceptual advance presented by your study. However, we request that  you contact  the editor as
soon as possible upon publicat ion of any related work, to discuss how to proceed. Should you
foresee a problem in meet ing this three-month deadline, please let  us know in advance and we may
be able to grant an extension. 

Thank you for the opportunity to consider your work for publicat ion. I look forward to your revision. 

with best wishes 

Karin 

Karin Dumstrei, PhD 
Senior Editor 
The EMBO Journal 

Instruct ions for preparing your revised manuscript : 

Please make sure you upload a let ter of response to the referees' comments together with the
revised manuscript . 

Please also check that the t it le and abstract  of the manuscript  are brief, yet  explicit , even to non-
specialists. 

When assembling figures, please refer to our figure preparat ion guideline in order to ensure proper
formatt ing and readability in print  as well as on screen: 
ht tp://bit .ly/EMBOPressFigurePreparat ionGuideline 



IMPORTANT: When you send the revision we will require 
- a point-by-point  response to the referees' comments, with a detailed descript ion of the changes
made (as a word file).
- a word file of the manuscript  text .
- individual product ion quality figure files (one file per figure)
- a complete author checklist , which you can download from our author guidelines
(ht tps://www.embopress.org/page/journal/14602075/authorguide).
- Expanded View files (replacing Supplementary Informat ion)
Please see out instruct ions to authors
https://www.embopress.org/page/journal/14602075/authorguide#expandedview

Please remember: Digital image enhancement is acceptable pract ice, as long as it  accurately
represents the original data and conforms to community standards. If a figure has been subjected
to significant electronic manipulat ion, this must be noted in the figure legend or in the 'Materials and
Methods' sect ion. The editors reserve the right  to request original versions of figures and the
original images that were used to assemble the figure. 

Further informat ion is available in our Guide For Authors:
ht tps://www.embopress.org/page/journal/14602075/authorguide 

The revision must be submit ted online within 90 days; please click on the link below to submit  the
revision online before 13th May 2020. 

Link Not Available 

Please do not share this URL as it  will give anyone who clicks it  access to your account. 

------------------------------------------------ 

Referee #1: 

The authors describe the compensatory capacity of non-professional phagocytes of CNS cells (ie
astrocytes), to remove cellular debris under condit ions where the microglia phagocytosis is
defect ive. They employ a microglia-specific deplet ion model by administering diphtheria toxin (DT) in
Siglechdtr/dtr mice. They use histological approaches to evaluate the result ing microglia debris
accumulat ion and clearance in response to astrocyt ic act ivat ion. They conclude that the clearance
is not mediated by infilt rated monocytes, surviving microglia or perivascular macrophages, but rather
by astrocytes. RNAseq analysis of isolated astrocytes revealed a unique gene signature that
combines features from previously described neurotoxic and neuroprotect ive astrocyt ic act ivat ion.
Furthermore, they address in vit ro the capacity of astrocytes to phagocyte apoptot ic microglia
through the TAM receptors. Finally, they analyze astrocyt ic phagocytosis in genet ically modified
mice (Cx3cr1CreER/CreER, Csf1op/op, Tyrobp-/-, Irf8-/-) that  display microglia impairments. 
This is an excellent  study that is well performed, well described and very important for the field.
However, several points st ill needs to be addressed. 

Comments 
1. The authors focused only on the hippocampal regions. In order to draw general conclusions of



astrocytes biology in the absence of microglia other CNS regions should be analyzed as well. 
2. There are no A1 or A2 astrocytes exist ing in nature. This oversimplificat ion should be avoided
and the respect ive reference should be omit ted.
3. The authors should provide nuclear counterstaining in their images, especially in those that they
use to quant ify cell numbers and those that show deplet ion of microglia cells. The overall nuclear
staining provides a more complete picture of the parenchymal changes.
4. Please clarify what are considered as microglia debris. Are there apoptot ic nuclei?
5. In many cases, the authors provided only qualitat ive assessment of the several features of their
model. Quant itat ive analysis of such features, assist  the reader on evaluat ing the robustness of the
phenotype and potent ial variance between the individual samples in this animal model.
• Figure 1b, the authors comment on the morphological differences of microglia, without providing
any further analysis apart  from representat ive images.
• Supplementary Figure 2d, they comment on proliferat ion of the surviving microglia as a way to
replenish their numbers. Are all remaining microglia proliferat ive?
• Figure 2b, please include the quant ificat ion graph in the figure.
• Figure 2c, please provide a quant ificat ion of the number of perivascular macrophages in the PBS
and DT group.
6. In Figures 1 and 2 the authors define the microglia debris by the Iba1 puncta in the t issue. Then in
Figure 4 they start  using CD11b to target them, stat ing that "..., we used an ant ibody against
CD11b, instead of Iba1, because our preliminary experiment found that microglial debris was
detected more clearly by staining for CD11b than Iba1." The authors should provide a co-
immunostaining for Iba1, CD11b together with a pan-nuclear staining, comparing the PBS, 2days
and 4days after DT administrat ion.

7. For Figure 2:
• For the Siglechdtr/dtr:Ccr2RFP/+ analysis please provide in addit ion data from the 4days post DT
administrat ion, when the microglia debris are removed (as shown in Figure 1) to est imate whether
delayed recruitment is taking place.
• Is the blood-brain barrier permeability affected in the Siglechdtr/dtr mice after administrat ion of
DT?

8. For Figure 4:
• 4b,c,d: The authors represent the data as number of debris per one astrocyte. How did the
authors define the single cell by the S100β immunostaining? In the representat ive image the S100β
signal is not uniformly distributed along the cell. There is high number of punctate signal around the
main cell body. How do the authors different iate the branches of the cell of interest  from
neighboring cells? In Figure 4a the interact ions are clearer.
• 4c: How do the authors define the "contacted debris". Please indicate on the representat ive
image.
• 4e: How do the authors recognize that the delineated area is part  of an astrocyte and how do
they know that the internalized structure is microglia debris? Did they perform prior to imaging any
immunolabelling for astrocytes and microglia prior to electron microscopy?
• Apart  from the interact ion and internalizat ion of the microglia debris by astrocytes, is there any
upregulat ion/act ivat ion of the lysosomal machinery in astrocytes in vivo?

9. For Figure 5:
• Please provide data for the purity of the sorted astrocyt ic populat ion
• Please specify the total number of mice used per group for the RNAseq analysis. In the Materials
and Methods under "RNA-seq of isolated astrocytes" it  is stated that hippocampi from 2 mice were
used. Is this correct?



• Do the expression levels of Tyro3/Axl/Mertk change in protein level on astrocytes in the
Siglechdtr/dtr DT treated mice?

10. For Figure 6:
• 6c,f,g: In the flow analysis of internalized apoptot ic microglia, how do the authors know that the
apoptot ic cells are indeed inside the GLAST+ astrocytes? If the apoptot ic microglia are at tached to
the surface and not internalized, the GLAST+ populat ion will st ill be posit ive for the PKH dye used
to label the microglia cells. As a result , any changes in "internalized microglia debris" that  are
detected in the different knockdown of the receptors could be at t ributed to the reduced levels of
the respect ive proteins on the cell surface that in turn bind on fewer apoptot ic cells and not
changes in phagocytosis. Indeed, in Figure 6b (left  panel) it  seems that there are microglia debris
that do not co-localize with the LAMP1 signal.

11. For Figure 7: Please comment why 3week old mice were used instead of adult  8-16weeks old
(as in the rest  of the experiments)
• 7b,c: The images are in low resolut ion. The authors should use the same marker across all the
groups for microglia quant ificat ion, if they are to compare their numbers across the groups. Please
provide representat ive images for the Cxc3cr1CreER/CreER and Tyrobp-/-. In addit ion, all previous
analyses were performed on the CA1 region of the hippocampal format ion, yet  here they provide
data from the cerebral cortex. The authors should be consistent on the brain regions that they
evaluate.
• 7d,e,f: The authors evaluate the interact ions between microglia and astrocytes with spontaneous
apoptot ic cells in the brain. As they state these events are quite rare in the post-developmental
brain. Please provide the absolute numbers of the apoptot ic cells detected per mouse brain across
the groups. Did the authors invest igate the response of astrocytes in regions where apoptosis is
higher such as the neurogenic niches (subgranular zone of dentate gyrus, subventricular zone). Are
the astrocyt ic phagocyt ic features present across the different groups?

12. Supplementary Figure 4: The authors show that the heterozygous and homozygous Siglechdtr
mice show reduct ion of the Siglec-H expression both in mRNA and protein level in the non-injected
mice. Does this lack of Siglec-H affect  the microglia numbers and funct ionality, which could potent ial
lead to an act ivated astrocyt ic phenotype even in the absence of the DT-mediated microglia
deplet ion? In addit ion, the authors state that "As with homozygotes, astrocytes interacted with
microglial debris in the hippocampal CA1 of heterozygotes (Supplementary Fig. 4c), indicat ing that
this contact  did not result  from Siglech deficiency.". They only provide one representat ive image of
one GFAP+ cell interact ing with a CD11b+ structure. Please provide the same analysis as in Figure
4b,c,d.

Referee #2: 

Konishi et  al. showed that in the absence of microglia or the presence of dysfunct ional microglia,
astrocytes will adapt a phagocyt ic role to engulf microglial debris in the CA1 region of hippocampus.
Using Siglech DTR mice and parabiosis model, they demonstrated that astrocytes and not
infilt rat ing monocytes are responsible for debris clearance as no GFP+ monocytes were found in
the hippocampal parenchyma. RNAseq of hippocampal astrocytes revealed increased expression of
both A1 and A2 react ive astrocyte markers correlat ing with increased GFAP expression and
hypotrophy seen by IHC. In addit ion, RNAseq of these cells showed they expression of TAM



phagocyt ic receptors in both healthy and diseased states. Specifically, Mertk and Axl are required in
vit ro for the engulfment of microglial debris. Accumulat ion of cellular debris can be detrimental to
funct ion and recovery, this paper provides evidence for a compensatory phagocyt ic mechanism in
the absence of microglia. Parallel roles of astrocytes and microglia in engulfment of synapses have
been extensively characterized. Therefore, the discovery of astrocyte compensat ion for microglia
engulfment is expected. The concept itself is not novel but it  is nice to demonstrate it  with rigorous
experiments. Addressing the following quest ions may improve the manuscript : 

1. Do astrocytes compensate for microglia engulfment of synapses during development?
2. The purity of astrocytes from MACS isolat ion need to be described. This is especially important
since much of react ive astrocyte genes are also expressed by act ivated microglia. How to know the
induced genes are from astrocytes instead of microglia contaminat ion?
3. How astrocyte engulfed microglia components were ident ified as such in EM was not described.
How frequent ly these events were observed by EM in microglia deplet ion vs wt mice need to be
described.
4. RNAseq sequencing depth needs to be described.
5. In figure 4A PBS treated you can see how many cd11b processes are surrounding/potent ially
interact ing with astrocytes. How can you be certain that astrocytes are extending their process out
to a microglia debris? How can you be sure it  wasn't  closely associated when alive and it  happen to
die next to the astrocyte and the astrocyte process are just  surrounding it?
6. it  seems like other isoforms of Axl and Mertk are st ill present in Figure 5D; are they
important/funct ional and could they explain the minimal reduct ion in engulfment capabilit ies
7. Irf8 KO mice: Surrounding debris does not equal engulfment; need to show the debris is in the
lysosome or phagocyt ic cup to make this claim.
8. When describing their RNA-seq data, the authors fail to ment ion any pathways or genes that are
downregulated; an explanat ion as to why no downregulated genes were examined would be
helpful.



Referee #1: 

The authors describe the compensatory capacity of non-professional phagocytes of CNS 

cells (ie astrocytes), to remove cellular debris under conditions where the microglia 

phagocytosis is defective. They employ a microglia-specific depletion model by 

administering diphtheria toxin (DT) in Siglechdtr/dtr mice. They use histological 

approaches to evaluate the resulting microglia debris accumulation and clearance in 

response to astrocytic activation. They conclude that the clearance is not mediated by 

infiltrated monocytes, surviving microglia or perivascular macrophages, but rather by 

astrocytes. RNAseq analysis of isolated astrocytes revealed a unique gene signature that 

combines features from previously described neurotoxic and neuroprotective astrocytic 

activation. Furthermore, they address in vitro the capacity of astrocytes to phagocyte 

apoptotic microglia through the TAM receptors. Finally, they analyze astrocytic 

phagocytosis in genetically modified mice (Cx3cr1CreER/CreER, Csf1op/op, Tyrobp-/-, 

Irf8-/-) that display microglia impairments. 

This is an excellent study that is well performed, well described and very important for 

the field. However, several points still needs to be addressed. 

Comment #1 

The authors focused only on the hippocampal regions. In order to draw general 

conclusions of astrocytes biology in the absence of microglia other CNS regions 

should be analyzed as well. 

According to the comment, we examined other brain regions. In all areas examined, we 

consistently observed phagocytosis of microglial debris by astrocytes concomitant with 

GFAP upregulation. We have shown data of representative brain regions (cerebral 

cortex, thalamus and medulla) in Figure EV3, and have described the results in the 

Results section (Line 211–213). 

Comment #2 

There are no A1 or A2 astrocytes existing in nature. This oversimplification should 

be avoided and the respective reference should be omitted. 

We agree with this comment because our experimental model is not a pathological one. 

We have deleted the previous Figure 5b, which was a heatmap image showing gene 

28th Jul 20201st Authors' Response to Reviewers



expression levels of A1 and A2 marker molecules, and the corresponding sentences in 

the Results and Discussion sections. We have highlighted throughout the manuscript 

that the activated astrocytes exhibited a pro-inflammatory gene expression profile 

(Abstract section: Line 52) (Results section: Line 248 and 259–268) (Discussion 

section: Line 415–423). 

 

Comment #3 

The authors should provide nuclear counterstaining in their images, especially in 

those that they use to quantify cell numbers and those that show depletion of 

microglia cells. The overall nuclear staining provides a more complete picture of 

the parenchymal changes.  

According to this comment together with Comments #4 and #6 of this reviewer, we 

re-examined several immunohistochemical studies by adding DAPI staining. 

1. Figure 1: (The number of microglia and microglial debris pieces in our microglia 

ablation model). 

In this revision, we divided Iba1
+
 microglia into three categories according to nuclear 

morphology (live microglia with a normal nucleus; apoptotic microglia with a 

pyknotic or fragmented nucleus; pieces of microglial debris [spheres with a diameter 

> 2 µm] with no nucleus) and re-quantified changes in three microglial categories 

over time. We have renewed Figure 1, and have indicated the categorization in its 

legend (Line 1082–1091). We have also rewritten the corresponding results in the 

Results section (Line 130–137 and 155–160) and the quantification method in the 

Materials and Methods section (Line 536–545). This comment improved our data 

without subjective bias. 

2. Figure EV2D and EV2E: (Ki-67
+
 proliferating microglia after microglial ablation). 

We re-performed Ki-67/Iba1 immunohistochemistry with the addition of DAPI 

staining (Figure EV2D), and have added quantified data (Figure EV2E). We have 

also added a description in the Results section (Line 150 and 151). 

3. Figure EV3A, D and G: (Microglial ablation and astrocyte activation in our microglia 

ablation model in brain regions other than the hippocampus). 

All these immunostainings are now also accompanied by DAPI staining. 

4. Figure EV4A and D: (Microglial ablation and astrocyte activation in other models of 

microglial ablation). 



DAPI staining was added. 

5. Appendix Figure S2 (Immunostaining of microglial debris with anti-CD11b or Iba1 

antibodies). 

DAPI staining was added. 

 

Comment 4 

Please clarify what are considered as microglia debris. Are there apoptotic nuclei?  

As described in the response to Comment #3 of this reviewer, we define Iba1
+
 spheres 

(> 2 µm in diameter) with no nucleus as pieces of microglial debris. We have described 

this definition in the Results section (Line 155 and 156), Materials and Methods section 

(Line 542 and 543) and the legend of Figure 1 (Line 1090 and 1091). 

 

Comment #5 

In many cases, the authors provided only qualitative assessment of the several 

features of their model. Quantitative analysis of such features, assist the reader on 

evaluating the robustness of the phenotype and potential variance between the 

individual samples in this animal model.  

We appreciate this comment and, accordingly, we have added quantitative analysis 

where necessary (Figure 1B, 2B, 2D, and 7F) (Figure EV2E) (Appendix Figure S1, S3E, 

S3F, and S7). We think the reliability of our data has been improved. 

 

Comment #5-1 

Figure 1b, the authors comment on the morphological differences of microglia, 

without providing any further analysis apart from representative images.  

According to this comment, we performed quantitative morphometric analyses of 

microglia at 0, 2, 4, 7 and 28 days after DT treatment. The results are shown in 

Appendix Figure S1: microglia exhibited less ramified morphology in the 2–7 days post 

DT administration; however, the morphology became identical to that before DT 

administration by day 28. We have described these results in the Results section (Line 

134–137, 157, and 158) and the Discussion section (Line 382 and 383), and have added 

the method to the Materials and Methods section (Line 546–554). 

 

Comment #5-2 



Supplementary Figure 2d, they comment on proliferation of the surviving 

microglia as a way to replenish their numbers. Are all remaining microglia 

proliferative?  

Supplementary Figure 2 in the previous version is now Figure EV2 in the revised 

version. According to the comment, we performed quantitative analysis and have added 

a graph showing the percentage of Ki-67
+
 microglia at 0, 2, 4, 7 and 28 days after DT 

treatment (Figure EV2E). On day 4, the onset of the recovery phase, ~90% of microglia 

were proliferative. We have described this in the Results section (Line 150 and 151), 

and have added the quantification method to the Materials and Methods section (Line 

536–545). 

 

Comment #5-3 

Figure 2b, please include the quantification graph in the figure.  

In response to this comment, we have included a quantification graph in Figure 2B. 

 

Comment #5-4 

Figure 2c, please provide a quantification of the number of perivascular 

macrophages in the PBS and DT group.  

We quantified the number of perivascular macrophages in the PBS and DT groups, and 

have shown the result in the newly added Figure 2D. The cell number was unchanged 

by DT treatment, indicating that perivascular macrophages are insensitive to DT and 

appear intact, in contrast to microglia. We have shown the result in the Results section 

(Line 187 and 188), and have added the quantification method to the Materials and 

Methods section (Line 555–563). 

 

Comment #6 

In Figures 1 and 2 the authors define the microglia debris by the Iba1 puncta in 

the tissue. Then in Figure 4 they start using CD11b to target them, stating that "..., 

we used an antibody against CD11b, instead of Iba1, because our preliminary 

experiment found that microglial debris was detected more clearly by staining for 

CD11b than Iba1." The authors should provide a co-immunostaining for Iba1, 

CD11b together with a pan-nuclear staining, comparing the PBS, 2days and 4days 

after DT administration.  



This comment is addressed in Line 207 and 208 in the revised version of the manuscript. 

We have added a new figure (Appendix Figure S2) to demonstrate that microglial debris 

was clearly detected by CD11b immunostaining. 

 

Comment #7 

For Figure 2:  

• For the Siglechdtr/dtr:Ccr2RFP/+ analysis please provide in addition data from 

the 4days post DT administration, when the microglia debris are removed (as 

shown in Figure 1) to estimate whether delayed recruitment is taking place.  

This comment is appropriate and helpful to improve the present study. We tested this 

possibility, and demonstrated that no RFP
+
 monocytes infiltrated the hippocampal 

parenchyma at day 4 as well as day 2. We have added the day 4 result to Figure 2A (the 

bottom column). We also modified sentences in the Results (Line 176) and Discussion 

sections (Line 397). 

 

• Is the blood-brain barrier permeability affected in the Siglechdtr/dtr mice after 

administration of DT?  

In our preliminary experiment, blood-brain barrier breakdown, which was determined 

by Evans blue extravasation, did not occur in Siglech
dtr/dtr

 mice after DT treatment, 

although astrocytes were activated and their gene expression profile was changed. We 

think that this result is not relevant to the main focus of this manuscript; therefore we 

have not shown this data. 

 

Comment #8 

For Figure 4:  

• 4b,c,d: The authors represent the data as number of debris per one astrocyte. 

How did the authors define the single cell by the S100β immunostaining? In the 

representative image the S100β signal is not uniformly distributed along the cell. 

There is high number of punctate signal around the main cell body. How do the 

authors differentiate the branches of the cell of interest from neighboring cells? In 

Figure 4a the interactions are clearer.  

The previous Figure 4b, c and d are now presented as Figure 4C, D and E, respectively. 

We had not written the quantification method in detail. We used S100β instead of 



GFAP for the quantification because the entire astrocyte morphology was visualized 

more clearly in using S100β, as described in Line 223–225. Confocal microscopy 

images of a randomly selected single S100β
+
 astrocyte, whose cell body was entirely 

present within a 30 µm-thick section, were taken and analyzed. Because the cell 

morphology was 3D reconstructed by cell surface rendering using Imaris software, 

processes of the single astrocyte were distinguished from those of neighboring 

astrocytes. We have described the method in detail in the Materials and Methods section 

(Line 567–574), and have improved the legend of Figure 4D and E (Line 1153–1158). 

 

• 4c: How do the authors define the "contacted debris". Please indicate on the 

representative image.  

The previous Figure 4c is now presented as Figure 4D. Another reviewer also 

commented on the method. We had not described the precise definition in detail in the 

previous version of the manuscript. We defined CD11b
+
 spheres (diameter > 0.5 µm), 

whose surface was more than 30% covered by astrocyte processes, as contacted debris 

in 3D reconstructed images. We show a representative image of phagocytic astrocytes 

in Figure 4C, whose insets demonstrate examples of debris with approximately 30% or 

50% coverage. Accordingly, we have changed the graph title of Figure 4D to “Number 

of contacted debris (coverage > 30%)/astrocyte”. We have also modified the figure 

legend (Line 1146–1152), and the method in the Materials and Methods section (Line 

567–574). Appendix Figure S3E is newly added to show the case of Siglech
dtr/+

 

heterozygotes, according to Comment #12 of this reviewer, and the quantification 

method was the same. 

 

• 4e: How do the authors recognize that the delineated area is part of an astrocyte 

and how do they know that the internalized structure is microglia debris? Did they 

perform prior to imaging any immunolabelling for astrocytes and microglia prior 

to electron microscopy?  

Electron microscopy (EM) analysis (Figure 4e in the previous version) is included in 

Figure 4B in this revised version. Another reviewer also mentioned this point. In EM 

images, astrocytes generally have relatively clearer cytoplasm because of low electron 

density. We have extensive experience in the observation of brain tissue using EM, and 

we can differentiate cell types by their morphology and brightness of EM images. In our 



previous EM study, we found that astrocyte cytoplasm, which was relatively bright, 

occasionally contained degenerated materials with high electron density only after 

microglial ablation. Together with the light microcopy observations, we presumed the 

degenerated material to be microglial debris; however, there was no direct evidence. To 

obtain such direct evidence, we performed correlative light and electron microscopy 

(CLEM). After immunohistochemical identification of a phagocytic astrocyte, which 

engulfed CD11b
+
 microglial debris, the same astrocyte was subsequently analyzed by 

electron microscopy. The result demonstrated that astrocytes engulfed degenerated 

microglial components. We have added the result of CLEM analysis to Figure 4B using 

three images from light and electron microscopy. We have also presented this data in 

the Results section (Line 225–230) and have updated the EM method in the Materials 

and Methods section (Line 677–686). 

 

• Apart from the interaction and internalization of the microglia debris by 

astrocytes, is there any upregulation/activation of the lysosomal machinery in 

astrocytes in vivo?  

Gene ontology (GO) analysis of upregulated genes in RNA-seq data demonstrated no 

alteration of lysosome-related biological terms, although the GO resource contains > 

100 lysosome-related terms, such as “lysosome organization”. This suggests that 

astrocytes are pre-equipped with phagocytosis machinery for the clearance of microglial 

debris. We have added this description to the Results section (Line 273–277). 

 

Comment 9 

For Figure 5:  

• Please provide data for the purity of the sorted astrocytic population  

Another reviewer also mentioned this point. We used a magnetic-activated cell sorting 

(MACS) system to isolate hippocampal astrocytes, according to our previous study in 

which spinal astrocytes were isolated (Komine et al, Cell Death Differ, 2018). There are 

two key points in our method. First, for isolation of astrocytes, we used anti-astrocyte 

cell surface antigen-2 (ACSA-2) magnetic beads (Kantzer et al, Glia, 2017), whose 

utility has been demonstrated in recent papers (Shinozaki et al, Cell Rep, 2017; Gӧbel et 

al, Cell Metab, 2020; Zhang et al, Proc Natl Acad Sci, 2020). Second, prior to the 

reaction with anti-ACSA-2 magnetic beads, microglia were depleted from the cell 



suspension using anti-CD11b magnetic beads because our preliminary experiment 

showed that a small but significant number of microglia contaminated the ACSA-2
+
 

fraction when we used anti-ACSA-2 magnetic beads only. In this revision, we checked 

the purity of astrocytes by flow cytometry using an anti-GFAP antibody, and a 

representative result is shown in the newly added Appendix Figure S5. The percentage 

of GFAP
+
 cells in the ACSA-2

+
 fraction was almost 90%, which may be underscored 

because a minor population of hippocampal astrocytes are GFAP
–
 (Walz and Lang, 

Neurosci Lett, 1998; Jinno, Neuroscience, 2011). 

Related to this comment, another reviewer also considered the possibility that 

the activated pro-inflammation pathway in the RNA-seq data (Fig. 5A) results from 

microglial contamination. However, taking the flow cytometry data (Appendix Figure 

S4) and newly added RNA-seq data showing the level of microglia marker genes 

(Appendix Figure S5) into consideration, microglial contamination was very slight, 

indicating that pro-inflammatory changes did occur in astrocytes. We have described 

this explanation in the Results section (Line 249, 250, 254–256, and 265–268), and 

have added the method to the Materials and Method section (Line 636–643, and 690). 

 

• Please specify the total number of mice used per group for the RNAseq analysis. 

In the Materials and Methods under "RNA-seq of isolated astrocytes" it is stated 

that hippocampi from 2 mice were used. Is this correct?  

We apologize for the poorly written method. We analyzed three pools of RNA, each of 

which was prepared from the hippocampi of two mice, per group. We have rewritten the 

sentence in the Materials and Methods section (Line 702 and 703). 

 

• Do the expression levels of Tyro3/Axl/Mertk change in protein level on astrocytes 

in the Siglechdtr/dtr DT treated mice?  

We tried immunohistochemical detection of Axl/Mertk protein using commercial 

antibodies. However, none of the antibodies tested gave appropriate signals even in 

microglia, which highly express Axl/Mertk. We assume that the protein level of 

Axl/Mertk is unchanged in astrocytes after DT treatment, similar to their mRNAs. 

 

Comment #10 



For Figure 6:  

• 6c,f,g: In the flow analysis of internalized apoptotic microglia, how do the authors 

know that the apoptotic cells are indeed inside the GLAST+ astrocytes? If the 

apoptotic microglia are attached to the surface and not internalized, the GLAST+ 

population will still be positive for the PKH dye used to label the microglia cells. 

As a result, any changes in "internalized microglia debris" that are detected in the 

different knockdown of the receptors could be attributed to the reduced levels of 

the respective proteins on the cell surface that in turn bind on fewer apoptotic cells 

and not changes in phagocytosis. Indeed, in Figure 6b (left panel) it seems that 

there are microglia debris that do not co-localize with the LAMP1 signal.  

We had considered this possibility in our immunocytochemical and flow cytometric 

analyses of cultured astrocytes and we performed these experiments with great caution. 

After co-culture of astrocytes with apoptotic microglia, we shook culture dishes 

vigorously to remove cell-surface attached microglial debris, resulting in scarcely no 

microglial debris on the surface of astrocytes on immunocytochemical analysis. We 

have added this methodological point to the Materials and Methods section (Line 779, 

780, and 784–786). Regarding colocalization of microglial debris (red) with lysosomes 

(cyan) in Figure 6B, the previous low magnification image was misleading, as the 

reviewer mentioned. We have added a high magnification image as an inset in Figure 

6B. The high magnification image clearly shows that microglial debris almost entirely 

merged with lysosomes. We have modified the description in the Results section (Line 

299–302). 

 

Comment #11 

For Figure 7: Please comment why 3week old mice were used instead of adult 

8-16weeks old (as in the rest of the experiments)  

The reason was briefly written in the previous version of the manuscript, but may not 

have been sufficient explanation. We have described the reason more precisely in the 

Results section (Line 339–344). The reason is as follows. In older mice, the 

identification of apoptotic cells on tissue sections is very hard; however, in neonatal and 

younger mice, spontaneous apoptotic cells are easily detectable (Oppenheim, Annu Rev 

Physiol, 2017). In fact, neonatal brain contains many spontaneous apoptotic cells; 

however, glial cells appear to be very immature. We thus considered that the neonatal 



brain was not suitable for this study. Our preliminary immunohistochemical experiment 

indicated that the cerebral cortex of 3-week-old mice contained a small but consistent 

number of cleaved caspase-3
+
 apoptotic cells. 

 

• 7b,c: The images are in low resolution. The authors should use the same marker 

across all the groups for microglia quantification, if they are to compare their 

numbers across the groups. Please provide representative images for the 

Cxc3cr1CreER/CreER and Tyrobp-/-. In addition, all previous analyses were 

performed on the CA1 region of the hippocampal formation, yet here they provide 

data from the cerebral cortex. The authors should be consistent on the brain 

regions that they evaluate.  

For the analysis of spontaneous apoptotic cells, we carefully selected the cerebral cortex 

from several candidate brain regions for several reasons. 

1. The region consistently contains natural apoptotic cells. 

2. The region contains the same number of microglia in different mouse strains. 

3. Cell density is not high. In high cell density regions, such as neurogenic niches, glial 

interaction with spontaneous apoptotic cells is difficult to analyze, as described in 

our response to the next comment of this reviewer. 

As the reviewer suggests, it is better to analyze the hippocampal CA1 region throughout 

our study. We therefore tested hippocampal CA1; however, it was very hard to identify 

spontaneous apoptotic cells. 

 As for microglial markers to quantitatively study microglial numbers (Figure 

7B) (Line 346–350), it is difficult to use the same marker across all mutant strains. This 

is because Iba1 expression is very low in Irf8
–/–

 microglia. We had described this reason 

in the previous version of the manuscript. To demonstrate this fact, we have added a 

new figure (Appendix Figure S6). Iba1 expression is almost below the level of detection 

in Irf8
–/–

 microglia, whereas CD11b is clearly detectable in Irf8
–/–

 as well as in WT 

microglia. We have also improved the resolution of immunohistochemical images 

(Figure 7B). 

 

• 7d,e,f: The authors evaluate the interactions between microglia and astrocytes 

with spontaneous apoptotic cells in the brain. As they state these events are quite 

rare in the post-developmental brain. Please provide the absolute numbers of the 



apoptotic cells detected per mouse brain across the groups. Did the authors 

investigate the response of astrocytes in regions where apoptosis is higher such as 

the neurogenic niches (subgranular zone of dentate gyrus, subventricular zone). 

Are the astrocytic phagocytic features present across the different groups?  

In response to this comment, we have shown the absolute number of spontaneous 

apoptotic cells per section in the newly added Appendix Figure S7. There are no 

statistical differences among mouse strains. We have added this description to the 

Results section (Line 356–358). 

 As the reviewer suggests, neurogenic niches are candidate regions for the 

analysis. However, preliminary experiments indicated that neurogenic regions were 

unsuitable for our study. We occasionally found spontaneous apoptotic cells in 

neurogenic regions. However, cell density was very high in those regions, and the paths 

of glial processes were limited to narrow intercellular spaces, resulting in frequent 

“false-positive” interaction of apoptotic cells with astrocyte processes. We have shown 

an example image below. In this image of the dentate gyrus subgranular zone in WT 

mice, microglia (red) clearly encircle a spontaneous apoptotic cell (blue), indicating that 

microglia phagocytose the apoptotic cell. However, astrocyte processes (green) also 

appear to interact with the apoptotic cell. 

 

 Regarding phagocytic features of astrocytes in mutant mice, only WT and 

Irf8
–/–

 mice were quantitatively analyzed in the previous version of the manuscript. We 

had obtained microscopy data of other mutant strains (Cx3cr1
CreER/CreER

, Csf1
op/op

 and 

Tyrobp
–/–

), but had not analyzed them quantitatively. In this revision, we analyzed them, 

demonstrating that other mutant strains (Cx3cr1
CreER/CreER

, Csf1
op/op

 and Tyrobp
–/–

) are 

similar to WT mice. We have added the data to Figure 7F. Accordingly, we have 

modified a sentence in the Results section (Line 363–365). 



 

Comment #12 

Supplementary Figure 4: The authors show that the heterozygous and homozygous 

Siglechdtr mice show reduction of the Siglec-H expression both in mRNA and 

protein level in the non-injected mice. Does this lack of Siglec-H affect the 

microglia numbers and functionality, which could potential lead to an activated 

astrocytic phenotype even in the absence of the DT-mediated microglia depletion? 

In addition, the authors state that "As with homozygotes, astrocytes interacted 

with microglial debris in the hippocampal CA1 of heterozygotes (Supplementary 

Fig. 4c), indicating that this contact did not result from Siglech deficiency.". They 

only provide one representative image of one GFAP+ cell interacting with a 

CD11b+ structure. Please provide the same analysis as in Figure 4b,c,d.  

The previous Supplementary Figure 4 is now presented as Appendix Figure S3. Our 

previous study showed no change of microglial number in the spinal dorsal horn 

between WT and Siglech
dtr/dtr

 mice without DT treatment (Konishi et al, Glia, 2017) and 

we did not examine hippocampal microglia in this study. However, the mRNA level of 

Aif1 (the gene encoding Iba1) in hippocampus was the same in PBS-treated WT and 

Siglech
dtr/dtr

 mice (Figure 3A), suggesting that Siglech deficiency did not affect 

microglial number. As for astrocytes, Gfap mRNA, whose upregulation is a hallmark of 

astrocyte activation, was equivalent between PBS-treated WT and Siglech
dtr/dtr

 mice 

(Figure 3A). Therefore, Siglech deficiency was unlikely to affect astrocyte activity. 

Nevertheless, according to the reviewer’s suggestion, we performed quantitative 

analysis of phagocytic activity of astrocytes in Siglech
dtr/+

 heterozygotes, and have 

added the data (Appendix Figure S3E and F). As with Siglech
dtr/dtr

 homozygotes, 

astrocytes contacted and internalized microglial debris in the hippocampal CA1 of 

heterozygotes, indicating that the engulfment did not result from Siglech deficiency. We 

also have added the description to the Results section (Line 239–246). 

  



Referee #2: 

 

Konishi et al. showed that in the absence of microglia or the presence of 

dysfunctional microglia, astrocytes will adapt a phagocytic role to engulf 

microglial debris in the CA1 region of hippocampus. Using Siglech DTR mice and 

parabiosis model, they demonstrated that astrocytes and not infiltrating monocytes 

are responsible for debris clearance as no GFP+ monocytes were found in the 

hippocampal parenchyma. RNAseq of hippocampal astrocytes revealed increased 

expression of both A1 and A2 reactive astrocyte markers correlating with 

increased GFAP expression and hypotrophy seen by IHC. In addition, RNAseq of 

these cells showed they expression of TAM phagocytic receptors in both healthy 

and diseased states. Specifically, Mertk and Axl are required in vitro for the 

engulfment of microglial debris. Accumulation of cellular debris can be 

detrimental to function and recovery, this paper provides evidence for a 

compensatory phagocytic mechanism in the absence of microglia. Parallel roles of 

astrocytes and microglia in engulfment of synapses have been extensively 

characterized. Therefore, the discovery of astrocyte compensation for microglia 

engulfment is expected. The concept itself is not novel but it is nice to demonstrate 

it with rigorous experiments. Addressing the following questions may improve the 

manuscript:  

 

Comment #1 

Do astrocytes compensate for microglia engulfment of synapses during 

development?  

Synapse elimination by astrocytic phagocytosis was first demonstrated in 2013 (Chung 

et al, Nature, 2013). Since then, however, very few papers have addressed this astrocyte 

function in vivo. Although the functional difference between microglia and astrocytes in 

synapse elimination is an interesting issue, the present data do not address this issue. As 

written in the Discussion section (Line 466–469), we do not discuss this issue further. 

 

Comment #2 

The purity of astrocytes from MACS isolation need to be described. This is 

especially important since much of reactive astrocyte genes are also expressed by 



activated microglia. How to know the induced genes are from astrocytes instead of 

microglia contamination? 

Another reviewer also mentioned this point. We used a magnetic-activated cell sorting 

(MACS) system to isolate hippocampal astrocytes, according to our previous study in 

which spinal astrocytes were isolated (Komine et al, Cell Death Differ, 2018). There are 

two key points in our method. First, for isolation of astrocytes, we used anti-astrocyte 

cell surface antigen-2 (ACSA-2) magnetic beads (Kantzer et al, Glia, 2017), whose 

utility has been demonstrated in recent papers (Shinozaki et al, Cell Rep, 2017; Gӧbel et 

al, Cell Metab, 2020; Zhang et al, Proc Natl Acad Sci, 2020). Second, prior to the 

reaction with anti-ACSA-2 magnetic beads, microglia were depleted from the cell 

suspension using anti-CD11b magnetic beads because our preliminary experiment 

showed that a small but significant number of microglia contaminated the ACSA-2
+
 

fraction when we used anti-ACSA-2 magnetic beads only. In this revision, we checked 

the purity of astrocytes by flow cytometry using an anti-GFAP antibody, and a 

representative result is shown in the newly added Appendix Figure S5. The percentage 

of GFAP
+
 cells in the ACSA-2

+
 fraction was almost 90%, which may be underscored 

because a minor population of hippocampal astrocytes are GFAP
–
 (Walz and Lang, 

Neurosci Lett, 1998; Jinno, Neuroscience, 2011). 

 As the reviewer mentioned, microglia are thought as the major source of 

pro-inflammatory molecule, and it is possible that the activated pro-inflammation 

pathway in the RNA-seq data (Fig. 5A) results from microglial contamination. However, 

taking the flow cytometry data (Appendix Figure S4) and newly added RNA-seq data 

showing the level of microglia marker genes (Appendix Figure S5) into consideration, 

microglial contamination was very slight, indicating that pro-inflammatory changes did 

occur in astrocytes. We have described this explanation in the Results section (Line 249, 

250, 254–256, and 265–268), and have added the method to the Materials and Method 

section (Line 636–643, and 690). 

 

Comment #3 

How astrocyte engulfed microglia components were identified as such in EM was 

not described. How frequently these events were observed by EM in microglia 

depletion vs wt mice need to be described. 



Another reviewer also mentioned this point. In EM images, astrocytes generally have 

relatively clearer cytoplasm because of low electron density. We have extensive 

experience in the observation of brain tissue using EM, and we can differentiate cell 

types by their morphology and brightness of EM images. In our previous EM study, we 

found that astrocyte cytoplasm, which was relatively bright, occasionally contained 

degenerated materials with high electron density only after microglial ablation. 

Together with the light microcopy observations, we presumed the degenerated material 

to be microglial debris; however, there was no direct evidence. To obtain such direct 

evidence, we performed correlative light and electron microscopy (CLEM). After 

immunohistochemical identification of a phagocytic astrocyte, which engulfed CD11b
+
 

microglial debris, the same astrocyte was subsequently analyzed by electron microscopy. 

The result demonstrated that astrocytes engulfed degenerated microglial components. 

We have added the result of CLEM analysis to Figure 4B using three images from light 

and electron microscopy. We have also presented this data in the Results section (Line 

225–230) and have updated the EM method in the Materials and Methods section (Line 

677–686). 

 Quantification of the frequency of engulfed microglial debris by EM 

observation is very difficult. Instead, we performed a quantitative analysis of 

immunohistochemical images taken by confocal microscopy (Figure 4E). 

 

Comment #4 

RNAseq sequencing depth needs to be described.  

We show the RNA-seq information, including the number of reads, in the newly added 

Appendix Table S1 (Line 718). The total reads were ~100,000,000 for each sample. We 

assume the resolution is high. 

 

Comment #5 

In figure 4A PBS treated you can see how many cd11b processes are 

surrounding/potentially interacting with astrocytes. How can you be certain that 

astrocytes are extending their process out to a microglia debris? How can you be 

sure it wasn't closely associated when alive and it happen to die next to the 

astrocyte and the astrocyte process are just surrounding it?  



Another reviewer also commented on the method. We had not written the quantification 

method in detail in the previous version of the manuscript. We defined CD11b
+
 spheres 

(diameter > 0.5 µm) as microglial debris in the 3D reconstructed images. Then, the 

number of microglial debris, whose surface was more than 30% covered by astrocyte 

processes, was counted. This quantitative analysis was blindly done. There were no 

microglial debris in control groups (PBS or DT-treated WT mice and PBS-treated 

Siglech
dtr/dtr

 mice) by microscopic observation; however, in the statistical data, there 

were several contacted debris even in the control groups, indicating that the quantitative 

analysis was performed without subjective bias. We show a representative image of 

phagocytic astrocytes in Figure 4C, whose insets demonstrate examples of debris with 

approximately 30% or 50% coverage. Accordingly, we have changed the graph title of 

Figure 4D to “Number of contacted debris (coverage > 30%)/astrocyte”. We have also 

modified the figure legend (Line 1146–1152), and the method in the Materials and 

Methods section (Line 567–574). Appendix Figure S3E is newly added to show the case 

of Siglech
dtr/+

 heterozygotes, according to a comment of another reviewer, and the 

quantification method was the same. 

 

Comment #6 

It seems like other isoforms of Axl and Mertk are still present in Figure 5D; are 

they important/functional and could they explain the minimal reduction in 

engulfment capabilities. 

We think this comment should refer to Figure 6D, not 5D. In western blot analysis of 

Axl and Mertk, we used the same secondary antibody (a peroxidase-conjugated donkey 

anti-goat IgG antibody). The ~115 kDa band of Axl and Mertk was siRNA-resistant, 

suggesting that it was a non-specific band resulting from a reaction with the secondary 

antibody. Indeed, we demonstrated that the ~115 kDa band appeared even when the 

primary antibodies were omitted. Therefore, in the case of Mertk, the specific band was 

~160 kDa, and siRNA knockdown was almost total. For Axl, the ~90 kDa band was 

specific, and was almost fully downregulated by siRNAs. However, the ~115 kDa Axl 

band was assumed to a combination of specific and weak non-specific bands. Since the 

knockdown efficiency of the ~90 kDa band was high, the specific component of the 

~115 kDa band was assumed to be efficiently downregulated. The downregulation 

efficiency of Axl may appear lower, but this is presumably because of the overlap of the 



weak non-specific band. We have added a brief description in the legend of Figure 6D 

(Line 1183–1186). Even in the presence of the overlapping non-specific band, the 

calculated knockdown efficiency (70–80%) was enough to demonstrate knockdown. We 

show the summarized image below. 

 

 

 

Comment #7 

Irf8 KO mice: Surrounding debris does not equal engulfment; need to show the 

debris is in the lysosome or phagocytic cup to make this claim.  

The previous images of Irf8
–/–

 mice, particularly the 3D reconstructed image, was 

ambiguous (Figure 7d in the previous version), as the reviewer mentioned. We have 

renewed the images. We now show two representative images of Irf8
–/–

 mice, one of 

which clearly demonstrates a spontaneous apoptotic cell enclosed in a phagocytic cup of 

an astrocyte (the right panels in Figure 7D). We have also added a description to the 

Results section (Line 362 and 363). 

 

Comment #8 

When describing their RNA-seq data, the authors fail to mention any pathways or 

genes that are downregulated; an explanation as to why no downregulated genes 

were examined would be helpful.  

We had also analyzed downregulated genes, but had not shown the data in the previous 

version of the manuscript. The reason why we did not show the data was briefly written 

in the Material and Methods (Page 23, Line 11–15 in the previous version); however, 

the sentences might not be easily found by readers. To make this point clear, we now 

show the list of downregulated genes in the newly added Table EV3, and have written 

the reason in the Results section (Line 254–259). The reason is as follows. Because of 



the very slight contamination of microglia in our MACS isolation system, the 

expression level of microglia-enriched genes was extremely low (Appendix Fig S5). 

However, their downregulation was very significant because of the decreased microglial 

number, resulting in the inclusion of many microglia-enriched genes in the list of 

statistically downregulated genes (Table EV3). 
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Guidelines’. Please confirm you have submitted this list.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at 
top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data 
generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462, 
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for: 
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b. Macromolecular structures 
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19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the 
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of datasets 
in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in unstructured 
repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).
20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while respecting 
ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible with the 
individual consent agreement used in the study, such data should be deposited in one of the major public access-
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).
21. Computational models that are central and integral to a study should be shared without restrictions and provided in a 
machine-readable form.  The relevant accession numbers or links should be provided. When possible, standardized format 
(SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the MIRIAM 
guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list at top 
right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be deposited 
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22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top 
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines, 
provide a statement only if it could.
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We have included Data Availabiliy section in our manuscript.

We have deposited our RNA-seq data in NCBI GEO database (No.: GSE142022), as described in 
Data Availability section.
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Strain, gender, age, genetic modification and source of mice were described in Materials and 
Methds section. Mice were housed with food and water available ad libitum in a temperature and 
humidity controlled environment on a 12/12-h light/dark cycle.

Animal studies were approved by the local animal ethics committee of Nagoya University 
(approval numbers: 27204, 28303, 29281, 30178, 31072, and 20217).

All animal studies comply with the ARRIVE guidelines.

G- Dual use research of concern

F- Data Accessibility
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If the variance was not similar, we performed statistical analyses that were not affected by 
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In Materials and Methods section, catalog numbers and RRIDs (https://scicrunch.org/resources) 
are described for all commercial antibodies. For one non-commercial antibody, a reference is 
cited.
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