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Abstract

Background and Purpose–—Brain tissue-resident microglia and monocyte-derived 

macrophages (MDMs) are innate immune cells that contribute to the inflammatory response, 

phagocytosis of debris, and tissue repair after injury. We have previously reported that both 

microglia and MDMs transition from proinflammatory to reparative phenotypes over days after an 

intracerebral hemorrhage (ICH). However, their individual functional properties in the brain 

remain largely unknown. Here we characterized the differences between microglia and MDMs and 

further elucidate their distinct activation states and functional contributions to the pathophysiology 

and recovery after ICH.

Methods–—Autologous blood injection was used to model ICH in mice. Longitudinal 

transcriptomic analyses on isolated microglia and MDMs from mice at days 1, 3, 7 and 10 after 

ICH and naïve controls identified core transcriptional programs that distinguish these cells. 

Imaging flow cytometry and in vivo phagocytosis assays were used to study phagocytic ability of 

microglia and MDMs. Antigen presentation was evaluated by ovalbumin-OTII CD4 T-cell 

proliferation assays with bone marrow-derived macrophages and primary microglia cultures.

Results–—MDMs had higher phagocytic activity and higher erythrophagocytosis in the ICH 

brain. Differential gene expression revealed distinct transcriptional signatures in the MDMs and 

microglia after ICH. MDMs had higher expression of major histocompatibility complex class II 

genes than microglia at all time points and greater ability to induce antigen-specific T-cell 

proliferation.
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Conclusions–—The different ontogeny of microglia and MDMs lead to divergent responses and 

functions in the inflamed brain as these two cell populations differ in phagocytic functions and 

antigen-presenting capabilities in the brain after ICH.
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Introduction

Macrophages are critical innate immune cells that perform diverse functions in inflammation 

and homeostasis. They exhibit extensive phenotypic heterogeneity and remarkable 

functional plasticity.1 As professional phagocytes, macrophages execute host defense and 

reparative tasks through the phagocytosis of pathogens, tissue debris, and senescent cells.2 In 

addition, macrophages maintain tissue homeostasis and provide immunoregulatory functions 

by flexibly transitioning across a spectrum of phenotypes induced by local 

microenvironmental cues.3

Macrophage populations can be broadly categorized as either tissue-resident macrophages, 

which are highly specialized cells that perform specific functions for their tissue of 

residence, or blood monocyte-derived macrophages (MDMs), which traffic into tissues in 

response to inflammatory and chemokine cues. Microglia, the major tissue-resident 

macrophages within brain parenchyma, derive from the yolk sac and self-maintain 

throughout life under physiological conditions.4, 5 In contrast, MDMs do not enter the 

central nervous system (CNS) in the absence of brain pathology.6, 7 Because they share cell 

markers and morphologies, microglia and MDMs have been frequently studied as the same 

population and considered to serve similar functions in the inflamed brain. Recent studies 

have identified unique markers of microglia (e.g. Tmem119, Sall1, and Fcrls),8, 9 and 

revealed that even under experimental conditions when MDMs enter the brain, they maintain 

a highly distinct transcriptional state from that of microglia.10 However, our knowledge 

regarding whether MDMs and microglia perform similar functions in the setting of 

inflammation after acute brain injury remains scant.

Neuroinflammation contributes to secondary injury after intracerebral hemorrhage (ICH) 

and has been a major focus of translational cerebrovascular research.11 ICH is initiated by a 

rupture of a parenchymal blood vessel resulting in blood leakage into the brain. This mass of 

blood cells, serum components, injured resident CNS cells, and disrupted extracellular 

matrix induce a dynamic immune response in the damaged brain. We, and others, have 

previously shown robust activation of microglia and MDMs in the hemorrhagic brain.12–15 

Both populations highly express proinflammatory transcripts and contribute to acute 

disability after ICH, and they both gradually switch toward reparative phenotypes to aid in 

ICH brain repair 3–10 days post-hemorrhage.16, 17 Interestingly, we found MDM phenotype 

is modulated by the engulfment of eryptotic erythrocytes and microglia by TGF-beta 

signaling in the hemorrhagic brain.16, 17 These findings led to the hypothesis that microglia 

and MDMs may work together in respond to acute brain injury through performing disparate 

functions. The ICH model provides an ideal platform where the activation and function of 
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the two myeloid cousins can be studied side-by-side over time. A comprehensive 

comparison of microglia and MDMs in ICH entails characterization of transcriptional 

responses, phagocytosis substrates, and functional differences and will advance our 

knowledge of macrophage function in acute brain injury.

Both microglia and MDMs contribute to the clearance of debris after ICH. We first 

quantified phagocytosis by microglia and MDMs in a mouse model of ICH and found that 

MDMs have higher phagocytic ability in the perihematomal region. We then compared the 

gene expression profiles between the two populations at various time points after ICH. 

While microglia expressed transcripts that are relevant to synapse remodeling and 

phospholipid uptake, MDMs increased levels of antigen presentation molecules. We further 

developed an in vitro culture system that preserves microglia-specific gene expression and 

tested these transcriptional differences identified in vivo with functional assays. High 

expression of MHCII on macrophages lead to more efficient antigen presentation and T-cell 

proliferation when compared to microglia. Together our data reveal distinct responses and 

functions of microglia and MDMs after ICH and demonstrate how these two populations 

may work jointly to restore tissue homeostasis in the brain.

Methods

Please see the Data Supplement for detailed experimental description of Materials and 

Methods.8, 16–20 The data that support the findings are available from the corresponding 

author upon reasonable request. All animal studies followed the guidelines outlined in Guide 

for the Care and Use of Laboratory Animals from the National Institutes of Health and 

ARRIVE guidelines (Animal Research: Reporting In Vivo Experiments) and were approved 

by the Institutional Animal Care and Use Committees where experiments were performed. A 

total of 93 mice were used in this study. C57BL/6 male mice and OT-II transgenic mice 

designated B6.Cg-Tg(TcraTcrb)425Cbn/J (weight, 24–28 g) were purchased from The 

Jackson Laboratory. The mice were housed under specific-pathogen free (SPF) condition 

with 12-hour light/dark cycle in a temperature-controlled environment with free accessed to 

water and food pallets. Mice were randomly allocated to experimental groups by coin flip. 

ICH was induced by autologous blood injection. Group size calculation is based on our 

experience in ICH models with the variability in these experiments, accounting for a 

resulting effect size f (by analysis of variance [ANOVA]) of 0.6 with α < 0.05 and power 

0.80.

Statistical Analysis

Analyses were performed with GraphPad Prism (v8), and all values are present as mean ± 

standard deviation or individual mouse data with a line indicating the mean of the group. 

Mean values were compared using Student’s t-test for comparison between 2 groups, and 2-

way ANOVA with post-hoc Tukey test for multiple-group comparisons. A value of P < 0.05 

was considered statistically significant. Transcriptional analyses of data generated from 

custom nanoString panel were performed in R (v 3.3.3) with further details in Data 

Supplement.
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Results

MDMs Display Higher Phagocytic Activity in the ICH Brain

Macrophages clear debris through phagocytosis, thereby restoring tissue homeostasis after 

injury. Both microglia and MDMs have been shown to play a key role in ICH brain 

recovery;15–17 however, their phagocytic potential in this context has yet to be fully 

investigated. We first quantified the phagocytic ability of microglia and MDMs (Gating 

strategy in Supplemental Figure IA) by injecting a mixture of fluorescent beads and 

autologous blood to induce ICH in the mouse brain. Our previous work indicated that 

microglia do not appreciably upregulate CD45 when activated after ICH,21 we therefore 

defined CD11b+CD45int population as microglia and CD11b+CD45hi population as MDM in 

our experiments hereafter. A mean 4674 ± 303 microglia and 551 ± 139 macrophages were 

analyzed per brain across the time points. Engulfment of microspheres was visible in both 

microglia and MDMs as measured by imaging flow cytometry (Figure 1A). Phagocytosis 

capacity was quantified in the myeloid cells that had engulfed at least one bead, in order to 

directly compare the cells that had encountered the phagocytosis substrate and eliminate a 

bias against microglia which may be remote from the ICH. We found that MDMs had a 

significantly higher number of intracellular fluorescent beads at day 3 after ICH (Figure 1B), 

showing that the two phagocytes have different phagocytic capacities in the context of ICH.

MDMs Phagocytose More Erythrocytes than Microglia during ICH.

Microglia and macrophages accumulate around the hematoma at day 1 and are found within 

the hematoma from days 3 to 10 after ICH.12, 21 Additionally, in Ccr2−/− bone marrow 

chimeras that lack MDM infiltration, the hematoma clearance was delayed.16 These 

findings, coupled with the differential phagocytic capabilities of MDMs and microglia, led 

us to speculate that MDMs may be the major cell population that enters and clears the 

hematoma. To test this in a biologically relevant manner, we injected PKH-26-labeled 

erythrocytes to induce ICH. We chose day 3 post-ICH, a time point when ICH clearance is 

ongoing in the murine model21 to measure the erythrocyte fluorescence signal in 

perihematomal microglia and MDMs by flow cytometry. Of the CD45+ cells in the region, 

there were twice as many microglia as MDMs. However, when examining all the 

erythrocyte-positive cells, almost two-thirds of cells that had engulfed an erythrocyte were 

MDMs (Figure 2A). Additionally, when gating on MDMs and microglia separately, the 

percentage of MDMs that were positive for PKH-26-erythrocytes was higher than microglia 

(Figure 2B). We then limited the quantification to cells at the site of injury and therefore to 

phagocytes exposed to the labeled cells in order to directly compare the efficiency of 

phagocytosis by MDMs and microglia. The mean fluorescence intensity (MFI) of the 

erythrocyte-positive MDMs was higher than the erythrocyte-positive microglia (Figure 2C). 

Regardless of the quantification approach, results were consistent that MDMs have a greater 

capacity to phagocytose erythrocytes than microglia in the ICH brain.

Transcriptional Profiling Demonstrates Divergent Microglia and MDM Responses in the 
Brain after ICH

The functional phagocytosis assays suggested that microglia and MDMs may respond to the 

microenvironment of the post-ICH brain differently based on differential ontogeny or long-
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lived tissue residence. Alternatively, the damage-associated molecular patterns and other 

stimuli in the post-ICH brain may overcome these and drive both myeloid populations to 

produce robust, classically-defined proinflammatory responses followed by repair programs. 

To better understand the molecular and transcriptional programs that might drive microglia 

and MDM functional differences, we leveraged transcriptional data sets generated from our 

lab16, 17. This dataset consists of 780 genes from microglia and MDMs sorted from mouse 

brains at days 1, 3, 7, and 10 after ICH induction as well as naive microglia and blood 

monocytes. Microglia signature genes18 such as P2ry12, Fcrls and Mertk were highly 

expressed in the microglia population whereas Ccr2 was highly expressed in the MDMs 

(Supplemental Figure IB), providing support for the FACS sorting strategy. Pearson 

correlation analysis of all samples across all detected genes in both microglia and MDMs 

followed by clustering shows that cell types cluster closely, and that naïve MDMs are 

globally different from ICH MDMs at all time points (Supplemental Figure II). We 

performed principal components analysis (PCA) and found that >80% of the data variance 

was accounted for by principal components 1 and 2 (Figure 3A). Cell type (monocyte/

MDMs versus microglia) strongly drove separation in our data along PC1. The main source 

of variance along PC2 was the difference between circulating monocytes in the blood of 

naïve mice and MDMs in the brain (Figure 3B). At no time point did MDMs and microglia 

in the injured brain cluster together, indicating highly cell-type specific responses. Variable 

loading plots show top genes that drive this cell-type separation along PC1 (Figure 3C). 

Notably, Trem2, C1qb, and C1qa, which contribute to synapse pruning and lipoprotein 

clearance, were highly expressed by microglia in the ICH brain.22, 23 In contrast, multiple 

major histocompatibility complex (MHC) class II molecules H2-Eb1, H2-Aa, H2-Ab1 were 

highly expressed by MDMs. Hierarchical clustering of all the differentially expressed genes 

across samples (adjusted p < 0.05, n=260) demonstrated marked differences between 

microglia and MDMs (Figure 3D). Notably, the blood monocytes maintained closer 

transcriptional similarity with the MDMs after ICH than the MDMs and microglia in the 

brain after ICH, underscoring the persistent effects of ontogeny even in the setting of an 

inflamed tissue.

At all time points, microglia had markedly higher expression of the classic inflammatory 

mediator Tnf (Figure 4A). MDMs showed an early and robust expression of Il1b at days 1 

and 3, although microglia did upregulate Il1b at day 3 (Figure 4B). Microglia and MDMs 

upregulate Ccl2, although the peak expression at day 3 was higher in microglia (Figure 4C). 

In contrast, MDMs had higher expression of the MHCII invariant chain Cd74 at all time 

points (Figure 4D). To better understand the gene programs responsible for divergent 

behaviors in MDMs and microglia over the course of ICH, we visualized the pairwise 

differential expression analysis between MDMs and microglia at each time point (Figure 5 

and Supplemental Figure III–VI). This revealed distinct patterns of gene expression across 

time and allowed identification of core genes that temporally differentiate microglia and 

MDMs. Genes associated with microglia identity (e.g. Sall1, P2ry12, Fcrls) and complement 

genes (C1qa and C1qb) were lost at day 1 after ICH but reemerged at later time points. 

Consistent with the importance of TGF-beta in the restoration of homeostatic microglia,17 

Smad3 was upregulated at days 3 and 7 and Tgfbr1 was upregulated at days 3 and 10 in 

microglia. Interestingly, Lag3 (CD223), a negative costimulatory molecule on CD4+ T 
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cells24 was increased in microglia at days 3 and 10 after ICH. We also found antigen 

presentation genes H2aa, H2ab1, H2eb1, and Cd74 consistently upregulated in MDMs from 

days 3 to 7 after ICH. Additionally, we found that Thbs1 (Thrombospondin 1), a gene 

relevant to phagocytosis, was increased in MDMs at days 3 and 7.

To determine what functions might be driven by altered gene expression programs, we 

performed functional enrichment and gene set enrichment analysis on differentially 

expressed genes at each time point (Supplemental Tables I and II). Overall, we found that 

MDMs and microglia were enriched for different gene sets at each time point post ICH. 

MDMs were enriched for GO functions related to T-cell activation and antigen presentation. 

In contrast, microglia were enriched for functions related to leukocyte cell migration and 

cytokine production. These transcriptomic results supported our functional findings and 

suggested that MDMs and microglia may have important differences in the regulation of 

antigen-specific CD4 function in the ICH brain.

MDMs Are More Effective at Inducing Antigen-Driven CD4+ T-Cell Proliferation

Since the transcriptional analysis showed that microglia upregulated Lag3 and MDMs 

highly expressed MHC-related antigen presentation genes, we hypothesized that MDMs 

would be more effective at antigen presentation. First, we developed a microglia culture 

system building on our work and others8, 18 that improved upon previous culture conditions 

in preserving the microglial gene signature (Supplemental Figure VII). Microglia were 

cultured using this system and gene expression was assessed by qPCR. Consistent with in 

vivo findings during ICH, the expression of Cd74 was higher in bone marrow-derived 

macrophages (BMDMs) than microglia (Figure 6A). Primary microglia and BMDMs were 

then assessed for their ability to present antigen and induce proliferation of CD4+ T cells. 

BMDM and microglia were incubated with ovalbumin and then co-cultured with CD4+ T 

cells from OTII mice, in which the T-cell receptor is specific for chicken ovalbumin 323–339 

peptide presented by MHCII. As predicted, macrophages were more effective at inducing T-

cell proliferation to antigen (Figure 6B). This response was MHCII-dependent, as MHCII 

blocking antibody abrogated the macrophage-induced T-cell proliferation (Figures 6B and 

C).

Discussion

Previous studies have shown that microglia and MDMs play distinct roles in multiple 

sclerosis,25 Alzheimer’s disease,26 and cerebral ischemia,27 but the functions of these two 

cell populations in response to ICH have not been extensively studied. Studies in 

cerebrovascular diseases are critical as the stimuli for acute inflammation and the programs 

necessary for repair are likely context dependent. Here, we report a comparative analysis of 

microglia and MDMs with direct quantifications of their phagocytic capacity, transcriptomes 

and immunostimulatory properties in response to ICH. We establish that 1) MDMs have 

greater phagocytic capacity than microglia in the context of brain hemorrhage; 2) MDMs are 

the dominant erythrophagocytic population in the perihematomal region; 3) MDMs and 

microglia express distinct transcriptional profiles after ICH; 4) BMDMs have greater ability 

than microglia to induce antigen-specific CD4+ T-cell activation.
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As professional phagocytes, macrophages perform host defense through phagocytosis of 

infectious organisms, aid in tissue debris clearance, and maintenance and restoration of 

tissue homeostasis. We conducted a bead-based assay to evaluate the phagocytic capacity of 

microglia and MDM in the ICH brain. In agreement with a previous study using an ex vivo 

system to compare the phagocytic ability of CD11b+CD45hi and CD11b+CD45low cells,26 

we found the phagocytic activity of MDMs to be higher than microglia in the hemorrhagic 

brain. A previous study from our group showed that efferocytosis of eryptotic erythrocytes 

induces phenotypic modulation of MDMs,16 causing us to ask whether MDMs and 

microglia differed in their capacity for erythrophagocytosis in the perihematomal brain. 

Using in vivo phagocytosis assays, we demonstrated that MDMs rather than microglia are 

mainly in charge of erythrophagocytosis. We compared percentages of all cells that had 

phagocytosed erythrocytes as well as the MFI of only those that had taken up fluorescently-

labeled erythrocytes. This second analysis was critical because several studies have shown 

limited microglia migration after injury.10, 28, 29 By gating first on cells that had taken up at 

least some erythrocyte material, we could ascertain we were comparing microglia to 

macrophages that had encountered erythrocytes at the injury site. The difference did not 

appear to be correlated with activation state or pro-inflammatory phenotype, as both cell 

populations were activated-- although with somewhat different phenotypes (e.g. the MDMs 

with greater Il1b upregulation while the microglia with greater Tnf upregulation at day 3). 

Much more nuanced studies of phenotype and phagocytosis of specific substrates are needed 

in future work. To our knowledge, this presents the first comparison of erythrophagocytosis 

between tissue-resident and monocyte-derived macrophages in an in vivo model of ICH.

Synapse pruning is a crucial function of microglia in the developmental brain and in 

regulation of neurogenesis in the adult brain22, 23 suggesting that microglia may 

preferentially clear endogenous substances such as axonal debris in ICH. On the contrary, 

MDMs are often in charge of phagocytosing exogenous pathogens in diverse diseases. In our 

work, while both microglia and MDMs perform erythrophagocytosis, it appears the MDMs 

do more bulk clearance of the hematoma. Furthermore, our transcriptomic results show that 

microglia highly express complement genes (C1qb and C1qa) and Trem2, which are 

essential for engulfing lipoprotein and maintaining synaptic structure.30 Although we were 

not able to compare the phagocytic activity of microglia and MDMs of neuronal 

components, previous findings from our group and others suggest a model in which 

microglia and MDMs can reduce CNS burden through distinct phagocytic functions in the 

injured brain.16, 17, 31 This divergent phagocytic activity may inform future development of 

cell specific therapeutics by targeting their “culinary habit” to manipulate the functions of 

these two cells for treating hemorrhagic stroke.

Macrophages arise from at least three different sources: the embryonic yolk sac, the fetal 

liver, and the bone marrow.32 Microglia specifically in the developmental CNS are seeded 

by erythromyeloid progenitor cells from the yolk sac at embryonic day 8.5.33 Their numbers 

are independently maintained throughout the life and they are not replenished from the 

circulation.5 Since macrophages can flexibly switch their phenotypes and perform diverse 

functions through sensing the tissue microenvironment, it has been speculated that MDMs 

could be influenced by the CNS environment and gain characteristics of microglia in the 

brain. Studies have revealed that invading MDMs are able to spatially replace microglia 
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while persistently maintain distinct identities from microglia.10 Using ICH as a CNS 

inflammatory model, our transcriptomic studies support the notion that MDMs and 

microglia are transcriptionally distinct even when they co-exist in the inflamed 

microenvironment. Our sorting strategy utilized CD45 expression to differentiate MDMs 

from microglia, which effectively discriminates between the cells in our model21 and is 

consistent with other work.9, 34–36 However, it is possible that a small percentage of 

microglia upregulate CD45 after injury, and future work including single cell 

transcriptomics or lineage tracing would be needed to further elucidate this possibility. 

Furthermore, a panel of 780 immune-related genes were sequenced, which while likely 

adequate to capture many inflammatory genes activated in the cells, may not be able to fully 

determine the functional heterogeneity between microglia and MDMs. Future work utilizing 

lineage tracing and/or single cell sequencing techniques will be helpful to further understand 

the phenotypic spectrum and unexplored subpopulations of these two cell types. However, 

the functions of the two populations could be reflected by the high expression of 

complement proteins (C1qa, C1qb) and lipoprotein receptor (Trem2) by microglia, and 

efferocytosis factor (Thbs1) by MDMs. Notably, in each population, the transcriptional 

signatures between naïve cells and the cells in the brain after ICH are more similar than the 

two populations are to each other at any time point. This further supports the idea that a 

developmental imprint sculpts the properties of microglia and MDMs and regulates their 

responses in the diseased brain.

In addition to phagocytosis, macrophages also serve as antigen presenting cells (APC) that 

present fragments of protein antigens in MHC molecules classes I and II to T cells. We 

found that infiltrating MDMs in the ICH brain expressed high levels of MHC II molecules 

(H2aa, H2ab1, H2eb1, and Cd74), which distinguished these cells from the tissue-resident 

microglia that express immunosuppressive molecule Lag3. The MDMs induced antigen-

specific CD4+ T-cell proliferation, suggesting they may play a role in promoting T-cell 

responses in the post-ICH brain. The difference of Cd74 expression in naïve primary 

BMDM and microglia culture systems as well as higher antigen-presenting capacity in 

ovalbumin-stimulated BMDM further support the functional and ontological divergence 

between microglia and MDMs. Although we found that BMDM had lower level of 

microglia specific genes (Tmem119, P2ry12, Sall1, Fcrls) and higher Cd74 expression, one 

should note that the ex vivo global transcriptional state is likely different than in vivo.

In acute ischemic stroke models, infarct volumes are reduced in mice lacking T cells37 and 

when T-cell migration to the brain was inhibited.38, 39 Although it is well established that 

CD4+ and CD8+ T cells traffic to the perihematomal region in high numbers,11, 40, 41 few 

studies have focused on delineating T-cell functions after ICH. These CD4+ T cells have 

been shown to promote blood-brain barrier disruption, brain edema, and functional 

disability.41–43 In contrast, adoptive transfer of Treg cells within 24 hours of ICH induction 

reduces brain edema and neurological deficits.44, 45 Expansion of Treg cells before ICH 

induction by injecting CD28 super-agonist antibody alleviates injury and inflammatory 

milieu in the perihematomal region.46 While these studies have shed light on the different 

roles for T cells in ICH, the mechanism through which antigen presentation by macrophages 

may stimulate harmful or beneficial T cell responses remains unclear. Additional work is 

needed to understand the interaction between innate and adaptive immune cells in the ICH 
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brain in order to develop pharmaceutical strategies for ICH across the time course of injury 

and recovery.

In sum, we employed transcriptomic analyses and functional assays to demonstrate the 

heterogeneity between tissue-resident microglia and recruited MDMs in the hemorrhagic 

brain. Macrophages are emerging as key mediators of several CNS pathologies. While it 

remains unclear whether immunotherapeutics promoting tissue repair after ICH need to 

target MDMs and microglia separately, our findings provide novel insights into the diverse 

functions of macrophage populations in the brain after injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MDMs have higher phagocytic capacity in the ICH brain.
A, Representative images show MDMs and microglia from ICH day 3 brains. MDMs are 

CD11b+CD45hiLy6C+ and microglia are CD11b+CD45int. Fluorescent beads are visible 

within these cells. B, MDMs phagocytose higher numbers of fluorescent beads in the 

perihematomal brain tissues on day 3. Data shows mean ± SD. *p < 0.05 by ANOVA with 

post-hoc Tukey test, n=10.
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Figure 2. Erythrophagocytosis of MDMs and microglia in the ICH brain.
A, Pie charts of proportions of MDMs, microglia, and other cells as a percentage of total 

CD45+ cells (left) and proportions of these cells that had engulfed an erythrocyte as a 

percentage of the total erythrocyte-positive cells in the perihematomal brain (right). B, Left, 

representative histogram shows PKH-26-erythrocyte signal from microglia (black line) and 

MDMs (blue line) at day 3 after ICH compared to the cells from control brains (gray lines). 

Right, quantification of percentage of PKH-26- erythrocyte positive microglia (17.0±4.9%) 

and MDMs (59.1±12.8%). Each dot represents an individual animal, mean ± SD, *p < 0.05 
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by Student’s t-test, n=6. C, Left, gating of PKH-26-positive cells to gate on cells that had 

phagocytosed erythrocytes. Right, representative histogram shows PKH-26-(erythrocyte) 

signal from microglia (black line) and MDMs (blue line) with quantification of mean 

fluorescent intensity (below; each dot represents individual animal), **p < 0.01 by Student’s 

t-test, n=6. *p < 0.05 by Student’s t-test
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Figure 3. Microglia and MDMs are transcriptionally distinct cell populations in ICH.
A-B, PCA plot of ICH microglia and MDMs transcriptome. Each replicate represents pooled 

samples from three brains collected from mice 1, 3, 7, and 10 days after ICH surgery or the 

naïve animals. The scatter plots show each sample projected on the first 2 principal 

components and are color coded according to cell type (A) and time point (B) of each 

sample. Replicates cluster closely at each cell type. C, Bar plot of the top 20 genes 

contributing to separation along PC1, the major PC separating microglia and MDMs. D, 
Heatmap of the Z score of the 469 genes above level of detection across both microglia and 
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MDMs data set. Data were clustered hierarchically in GENE-E using pairwise comparisons 

at each time point. Data are colored according to row minimum and maximum.
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Figure 4. Distinct gene expression in microglia and MDMs from the ICH brain.
Expression of Tnf, Ccl2, Il1b, and Cd74 in the days 1, 3, 7, and 10 ICH brain-sorted 

microglia and MDMs. (mean ± SD, n=3, with each replicate pools cells from 3 mice). * 

p<0.05, ** p<0.01, *** p<0.005, **** p<0.001 for each comparison shown, #### p<0.001 

compared to same population at every other time point, by two-way ANOVA with post-hoc 

Tukey test. Gene expression is reported as fold over housekeeping to normalize for differing 

cell counts across time points and cell population.
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Figure 5. Differential gene expression in microglia and MDMs over time in the ICH brain.
Differential gene expression at each time point. Genes with Log2 fold change > 1.5 and p < 

10−4 are labeled on the volcano plots.
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Figure 6. BMDMs induce greater antigen-dependent CD4+ T-cell proliferation than microglia.
A, Gene expression of Cd74 in BMDMs and primary microglia by qRT-PCR (***p < 0.001 

by Student’s t-test, n=3, each independent experiment includes 3 technical replicates). B, 
Representative gating of proliferating CD4+ T cells co-cultured with ovalbumin-stimulated 

microglia or BMDMs with or without anti-MHC II antibody. C, Quantification of 

proliferating CD4+ cells (Ki67+CFSElow CD4+ cells) from co-culture experiments (** 

p<0.01 by two-way ANOVA with post-hoc Tukey test, n=6, each independent experiment 

includes 3 technical replicates).
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