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Abstract

Healthy central nervous system (CNS) development and function require an intricate and balanced 

bidirectional communication between neurons and glia cells. In this review, we discuss the 

complementary roles of astrocytes and microglia in building the brain, including in the formation 

and refinement of synapses. We discuss recent evidence demonstrating how these interactions are 

coordinated in the transition from healthy physiology towards disease and discuss known and 

potential molecular mechanisms that mediate this cellular cross-talk.
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The bond between astrocytes and microglia

Like many great duos, astrocytes and microglia in the central nervous system (CNS) have a 

unique bond that constrains and coordinates their functions. The brain is functionally 

dominated by its most specialized cell type – neurons -- electrically active cells evolved for 

intercellular communication. Yet as in other organs, brain function depends on a village of 

cell types whose functions are relatively conserved across multiple tissues, including 

vascular endothelial cells, pericytes, and myelinating oligodendrocytes. Among these varied 

cell types are astrocytes and microglia, who, despite their brain-specific names, are close 

relatives of the macrophages and stromal cells present in most organs. Like macrophages 

and peripheral stroma, at first glance astrocytes and microglia have little in common. They 

have different developmental origins: astrocytes are derived from neuroepithelial 

progenitors, whereas microglia are derived from a hematopoietic common myeloid 

progenitor that enters the brain during embryogenesis (reviewed in [1] and [2]). From a 

structural perspective, they differ widely. Most resting astrocytes are tissue embedded, 

positionally stable, and non-motile [3,4]. In contrast, microglial processes are in constant 

motion, even under homeostatic conditions [5–7], and when depleted, microglia will migrate 

broadly to repopulate the CNS [8–10].
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Yet despite their differences, when the brain is perturbed astrocytes and microglia seem to 

respond almost as one unit. Embedded in any Glial Fibrillary Acidic Protein (GFAP)-rich 

glial scar of hypertrophied astrocytes are increased numbers of ‘activated’ microglia. After 

injury, microglia rapidly increase their phagocytic capacity to remove debris, whereas 

astrocytes become hypertrophic to re-form the blood brain barrier, form a physical barrier to 

damage [11] and maintain the structural integrity of the brain (reviewed in [12]) (Figure 1). 

And while this coordination is particularly evident in pathology, there is emerging evidence 

of its importance in healthy physiology. It is increasingly evident that both astrocytes and 

microglia play physiologic roles, such as supporting synaptic development and remodeling.

Here we describe ways in which astrocytes and microglia coordinate their functions both in 

healthy physiology and pathology (Figure 2). We propose that this capacity derives both 

from direct communication, as well as common responses to shared environmental signals. 

Rather than providing a comprehensive review of the literature, we highlight examples from 

recent work where communication between astrocytes and microglia has been directly 

examined. As these studies are relatively few, we also discuss examples where both 

astrocytes and microglia have been studied in the same context or disease model, or when a 

potential signaling interaction clearly implicates both cell types. We hope to highlight the 

synchronized and complementary functions of astrocytes and microglia in the context of 

development and disease and inspire questions for future research.

Astrocytes and microglia: complementary functions in neuronal 

development and homeostasis

Astrocytes and microglia promote developmental synapse formation and pruning

Both astrocytes and microglia play critical roles in neural circuit formation during 

development, particularly in support of synapse formation and remodeling. Astrocytes 

surround and contact most neuronal synapses, as well as forming the borders of the brain 

and vasculature. Studies over the past two decades have identified multiple molecules 

released from astrocytes that promote neuronal synapse formation. These include glypicans 

4 and 6, thrombospondin 1 and 2, and hevin (Sparcl1) (reviewed in [4,13]). For example, 

hevin stabilizes synaptic interactions via binding to neuroligins, adhesion molecules that 

promote neuronal synapse assembly [14]. As a group, the molecules identified so far have 

been shown to promote both presynaptic assembly as well as postsynaptic maturation.

While microglia can also promote synapse formation in adulthood and during cortical 

critical periods, most evidence suggests that their developmental role is primarily 

phagocytic. They engulf apoptotic neuronal corpses [15,16], phagocytose synapses [17] and 

other components of the neuropil. Notable examples of their synaptic roles include 

engulfment of presynaptic afferents in the visual thalamus via complement [18] and removal 

of dendritic spines in the hippocampus dependent on Trem2 signaling [19]. Interestingly, 

astrocytes have also been reported to prune synapses and engulf dying cells via the 

scavenger receptors Multiple EGF Like Domains 10 (Megf10) and MER Receptor Tyrosine 

Kinase (Mertk) [20], and the drosophila homolog of Megf10 (Draper) that performs 

analogous roles [21,22]
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Do astrocytes and microglia coordinate their synapse formation and pruning functions? One 

study found that astrocytes can secrete transforming growth factor β (TGF-β) that may 

positively regulate C1q expression and promote microglial phagocytosis [23]. Work from 

our group has shown that the cytokine Interleukin-33, produced by developing astrocytes, 

directly increased microglial phagocytic ability [24]. Astrocyte-IL-33 expression was 

increased with synaptic maturation suggesting a homeostatic loop by which astrocyte 

responses to increased synapse numbers promoted microglial synapse pruning. In peripheral 

tissues, macrophages can direct phagocytosis by non-professional phagocytes by releasing 

insulin-like growth factor 1 (IGF-1) [25], raising the possibility that microglial IGF-1 [26] 

could similarly promote astrocyte pruning in some contexts. Mechanisms that regulate direct 

communication between astrocytes and microglia may be important to appropriately balance 

synapse numbers during development.

Another potential mediator of astrocyte-microglia-synapse interaction is the extracellular 

matrix (ECM). Because the ECM constitutes a substantial amount of brain volume (~20%) 

[27] remodeling of synapses may also involve remodeling of the ECM around them. 

Macrophages and stromal cells throughout the body coordinate production and remodeling 

of the ECM (reviewed in [28,29]), raising the question of how microglia and astrocytes 

(brain resident stroma) might reflect this conserved cellular motif. Interestingly, most of the 

proteins linked to astrocyte pro-synaptogenic functions are themselves ECM proteins, and 

astrocytes express many if not most of the ECM forming proteins in the brain [30–32]. 

However, data regarding microglial involvement in ECM remodeling is sparse. Peripheral 

macrophages express metalloproteinases that lyse ECM proteins [29], many of which are 

also expressed by microglia. If microglia do remodel extracellular matrix, their ability to 

both promote and restrict synapse formation could partly derive from a capacity to clear 

ECM in a way that might enable new synaptic contacts to form.

The late Roger Tsien proposed that long-term memories may be encoded by the ‘pattern of 

holes’ in the ECM [33]. If so, synchronization of astrocyte-microglial remodeling functions 

could be highly relevant for promoting cognition, for counterbalancing the increased tissue 

stiffness associated with aging [34], and for modulating alterations in how glia support 

synapses in traumatic brain injury, neurodegeneration, and other pathologies. Directly 

examining the synchronized function of astrocytes and microglia in the remodeling of brain 

structure – from synapses to the space outside them -- could yield insight into both 

physiology and pathology.

Astrocytes and microglia support neurotransmission and adapt to their local environment

In the adult brain, astrocytes and microglia also support homeostatic neuronal function. 

Astrocytes can sense neurotransmitters through their expression of glutamate receptors, 

GABA receptors and adrenergic receptors [35] and respond with changes in intracellular 

Ca2+ (reviewed in [36,37]) and are presumed to reflect responses to neuronal events, 

although the possible role of the vasculature is too often overlooked [38]. Reducing astrocyte 

Ca2+ dependent signaling by disrupting intracellular calcium leads to behavioral deficits like 

repetitive self-grooming due to increased GABA uptake by astrocytes [39]. Astrocytes also 

reuptake glutamate to regulate neuronal excitability [40], and may respond to other 
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neurotransmitters and neuromodulators. Microglia are continuously scanning the healthy 

adult CNS [5–7] and form activity-dependent contact with synapses, indicating that like 

astrocytes, they can sense neuronal activity (reviewed in [41]). Microglia also induce 

synapse formation after contact with dendrites, and in some cases, are linked to the 

formation of spine head filopodia-markers of spine plasticity [42,43]. Like astrocytes, 

microglia have also been shown to impact neuronal activity, in some cases providing a 

‘soothing touch’ that quiets neuronal activity [44] (reviewed in [45]). Thus, both astrocytes 

and microglia respond to neurotransmission and can modulate it.

One potential molecule that could mediate this synchrony in astrocyte-microglial function is 

norepinephrine, a neuromodulator which is essential to arousal, wakefulness, and 

sympathetic activation [46]. Multiple noradrenergic receptors are expressed by glia. 

Astrocytes express α−1 adrenergic receptors that are necessary for calcium activity [47] and 

β−1 receptors that promote astrocyte process growth [48]. Microglia, in contrast, express 

extremely high levels of the β−2 adrenergic receptor [24,30]. Norepinephrine acutely 

inhibits microglial homeostatic motility [49,50] and may instead increase the formation of 

fine actin-based filopodia [51]. The functional implications of these various motility, 

morphology, and calcium changes are unclear. However, the impact of norepinephrine on 

both astrocytes and microglia emphasizes that studying these cells as a functional unit in 

response to shared signaling molecules may yield novel clues about how environment shapes 

brain function.

As is clear from the examples above, astrocytes and microglia both sense and respond to 

their neural environment. As such, heterogeneity in neuronal function may in part drive glial 

heterogeneity. Astrocytes are heterogeneous at the transcriptomic and functional level [52–

55] partly in response to neuron-derived molecules such as sonic hedgehog [56]. Signals like 

TGF-beta [57,58] and other molecules [59–62] also shape the microglial transcriptome as 

distinct from peripheral macrophages. However, microglial heterogeneity within the 

homeostatic adult brain has so far been less evident at the transcriptomic level [63–65] even 

though evidence that microglia have region-specific functions strongly suggest that they can 

respond to their local environment in a context-dependent manner [66,67]. Importantly, 

however, regional cues that determine glial heterogeneity can be very rapidly lost with 

isolation, particularly when cells are cultured ex vivo [57,60,68,69]. It is possible that 

microglial identity is dynamic enough that current transcriptional profiling via cell isolation 

cannot accurately capture it. And of course, our understanding of the proteome and other 

important indicators of function lags far behind. However, given at least two examples of 

how astrocytes regulate microglial function during development (IL-33 and TGF-β), it is 

also interesting to speculate that astrocyte heterogeneity in response to neuronal cues could 

be one mechanism that drives heterogeneous responses of adult microglia in vivo.

Balancing cellular proportions

How are astrocyte and microglia numbers maintained? As positionally stable stromal cells of 

the brain, astrocytes are an often-overlooked source of tissue resident signals. Microglial 

depletion pharmacologically or genetically leads to a robust proliferative and migratory 

response that normalizes cell numbers within weeks [8–10]. These new microglia closely 
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resemble their native counterparts, but can only fully adopt a microglial identity when 

expanding from a local source or yolk sac derived macrophages [70–74]. Are astrocytes a 

source of local cues that drive microglial repopulation? One study proposes that fibroblasts 

(in vitro) determine macrophage numbers via the release of the essential mitogen colony-

stimulating factor 1 (CSF-1), and that a negative feedback loop from macrophages limits 

proliferation when a stable ratio is achieved [75]. Another study in the retina found that 

microglia control astrocyte numbers by actively engulfing them, although the molecular 

mediators are not clear [76]. If reciprocal signaling between brain astrocytes and microglia 

maintains their relative proportions, one might expect that astrocytes would dynamically 

respond to the loss of microglia. Transcriptional profiling of astrocytes after microglial 

depletion would be a straightforward first step to investigating this.

Molecular mechanisms of astrocyte microglial communication in pathology

Recent work has begun to reveal several molecular mechanisms by which astrocyte and 

microglial function is synchronized, and more often than not, these mechanisms are studied 

in the context of pathology. In the sections below, we will review some of the signaling 

molecules that coordinate the function of astrocytes and microglia across a range of 

perturbations (Figure 3). We focus on selected examples where recent literature indicates 

direct interactions between astrocytes and microglia, or where both cell types have been 

studied in the same model system, providing clues to how they might synchronize 

pathologic responses.

Cytokine and growth factors in injury and inflammation

Cytokines are the primary lexicon of immune communication and are also an important 

mechanism of astrocyte-microglia cross-talk in homeostasis and disease. Although many 

cytokines are produced by immune cells, there are subsets of stromal or epithelial cytokines 

that are produced locally within tissues and play important roles in immune homeostasis. 

Our group has found that astrocyte-derived IL-33 has physiologic roles in synapse pruning 

that are required to limit excitatory synapse numbers during development [24]. This is a 

direct cytokine-mediated mechanism by which astrocyte-derived signals regulate microglial 

synaptic function. However, IL-33 is perhaps best studied as an ‘alarmin’- a signal released 

from dying cells that orchestrates a reparative and remodeling immune response, critical to 

wound healing, and implicated in the pathologic remodeling that takes place in tissue 

fibrosis [77]. Several recent studies have shown that IL-33 functions as an alarmin in the 

adult CNS, where in some cases it can be beneficial, promoting recovery in spinal cord 

injury, Alzheimer’s disease models, and experimental stroke [78–81].

Data from IL-33 and other contexts makes clear an important distinction between 

homeostatic and reactive functions of astrocyte-microglial signaling—the recruitment of 

other myeloid cells. As an alarmin, one of IL-33’s most potent effects is to robustly increase 

chemokine expression in microglia and drive recruitment of peripheral macrophages into the 

brain [78]. It may be that during injury, a more effective and rapid strategy for modulating 

microglial function is to recruit non-native macrophages into the brain. These may serve a 

temporary role and become functionally identical to the resident population with time. 

Vainchtein and Molofsky Page 5

Trends Neurosci. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Defining the heterogeneity of myeloid cells at different levels of IL-33 signaling could yield 

insight into the delicate balance between healthy physiology and pathology [82].

Cytokines also mediate communication from microglia to astrocytes in inflammation. In one 

of the first examples of the heterogeneity of reactive glia, it was found that 

lipopolysaccharide (LPS) injection or ischemic injury via middle cerebral artery occlusion 

(MCAO) led to distinct transcriptional responses in astrocytes (termed “A1”/neurotoxic and 

“A2”/protective) [83]. A subsequent paper showed that the transcriptional hallmarks of these 

LPS induced reactive astrocytes can be recapitulated in vitro by a cocktail of IL-1α, TNF 

and C1q, cytokines that are released by microglia after LPS stimulation [84]. This cocktail is 

sufficient to induce an astrocyte phenotype that has a diminished ability to support 

synaptogenesis, neuronal outgrowth and survival. Unlike human astrocytes, mouse 

astrocytes do not express TLR-4, which is required to sense LPS [31], so it is not clear 

whether this mechanism is universally applicable. However, the concept that inflammation 

can either drive neurotoxicity or engage feedback mechanisms that promote repair has 

important experimental and therapeutic implications.

Purinergic signaling in physiologic and pathologic remodeling

ATP and its reaction products ADP, AMP and adenosine (collectively known as purines 

[85]) are released from synaptic vesicles and have been long proposed as neurotransmitters 

and regulators of neuron-glial communication [86,87]. Several studies have shown that 

astrocytes and microglia both respond to purinergic signaling. The metabotropic ATP 

receptor P2Y12 is one of the top microglial markers and is required for experience-

dependent plasticity in the visual cortex after monocular deprivation [88]. In astrocytes, the 

metabotropic P2Y1 receptor promotes a propagating calcium wave [89]. These data suggest 

that purines may play physiologic remodeling roles in both astrocytes and microglia.

Studies of purinergic signaling in pathology are some of the few that have examined 

microglia and astrocytes as a functional unit. Similar to IL-33, ATP is also a well-described 

damage associated molecular pattern (DAMP) which is released from dead or stressed cells 

after injury [90]. After traumatic injury P2Y12 and ATP release are required for directed 

microglial movement towards the lesion and closure of the blood brain barrier [91–93], 

although P2Y12 is dispensable for the homeostatic ‘surveillance’ motility of microglia [7]. 

Acute activation of microglia by lipopolysaccharide (LPS) drives ATP release which 

increases spontaneous excitatory synaptic currents in hippocampal slices within minutes, an 

effect that requires P2Y1 receptor on astrocytes [94]. However, in the days after traumatic 

brain injury, activated microglia promote downregulation of P2Y1R on astrocytes. This 

downregulation is necessary for appropriate scar formation and to protect the remaining 

tissue [95]. It is interesting that both astrocytic P2Y1 and microglial P2Y12 are strongly 

downregulated within days after LPS and other activating stimuli [24,91]. This suggests a 

potential feedback loop whereby acute sensing of purines leads to a coordinated functional 

change in both astrocytes and microglia.
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Complement cascade in Alzheimer’s Disease and viral infection

In some forms of developmental synapse elimination, the complement cascade plays a 

physiologic role in promoting synapse elimination by microglia [96], partly in response to 

astrocyte-derived signals [18,23,96]. However, complement is also an important link 

between the innate and adaptive immune system [97], and abundant evidence of complement 

involvement in neuroinflammation and neurodegeneration suggests that it may also be 

important in the transition from homeostatic to inflammatory microglia function. For 

example, inhibiting the complement cascade in mouse models of Alzheimer’s Disease (AD) 

reduced cognitive decline and synapse loss in mice [98,99]. Astrocytes may accelerate this 

transition. Astrocytes exposed to β-amyloid plaques (a pathologic hallmark of AD) release 

complement component C3 [100,101], suggesting that they are one source of complement 

that accelerates spine loss. However, complement receptors may have different ligands, 

including the blood protein fibrinogen, which induces spine elimination by microglia in a 

mouse model of AD [102]. This suggests that astrocyte-derived complement could be 

particularly relevant during early phases of disease when the BBB is relatively intact. Once 

barriers are breached and higher levels of blood derived complement ligands become 

available, other mechanisms may predominate.

Data from murine models of West Nile Virus (WNV) infections also suggest links between 

astrocytes, microglia, and the blood brain barrier. Complement-mediated removal of 

presynaptic terminals by microglia promotes cognitive impairment after WNV infection 

[103]. In parallel, West Nile virus was found to lead to IL-1 release from astrocytes which 

decreased adult neurogenesis, and deficiency of the IL-1 receptor enhanced recovery from 

WNV infection [104]. Interestingly, endothelial cells are a major source of the IL-1 receptor 

at rest [30] and are required for IL-1 induced microglial activation, although astrocyte 

sensing of IL-1 also plays direct roles in modulating neurogenesis [105]. Taken together, 

these data suggest two possible mechanisms of astrocyte-microglial synchrony in response 

to IL-1. One is that astrocytes are directly activated by IL-1 to impact neurogenesis. A 

second is that astrocyte derived IL-1, by permeabilizing the BBB, can lead to microglial 

activation which accelerates synapse loss. Again in this context, feedforward mechanisms 

involving breaches of the blood brain barrier that amplify an inflammatory response.

Circulating metabolites implicating the gut microbiome in Multiple Sclerosis

Once barriers are breached and blood derived factors enter the brain, a host of other 

modulators of the astrocyte-microglial unit come into play. These include circulating 

metabolites derived from the gut microbiome. It was first observed that microglia from germ 

free mice lack a mature phenotype, and had diminished responses to injection of LPS partly 

driven by short-chain fatty acids from bacteria [106,107]. In experimental autoimmune 

encephalomyelitis (EAE), a mouse model of Multiple Sclerosis (MS), astrocyte and 

microglial function may be linked by shared protective responses mediated by gut 

metabolites via the aryl hydrocarbon receptor (AHR). Type I interferon signaling, a known 

therapeutic in MS, increases astrocytic expression of AHR and is protective in EAE [108]. 

In parallel, AHR signaling in microglia limited inflammation in astrocytes by increased 

production of anti-inflammatory TGF-α and decreased production of pro-inflammatory 
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VEGF-β [109]. Thus, shared expression of immune-modulating receptors may be another 

mechanism by which astrocyte and microglial inflammatory functions are coordinated.

Concluding Remarks

Recent advances in single-cell analysis have changed the landscape of science and have the 

potential to reveal synchronized responses among multiple cell types in the brain. Single-cell 

data has already opened up new approaches to understanding microglia and revealed novel 

microglial and myeloid subsets in inflammatory conditions, including a Disease Associate 

Microglial (DAM) signature that may be conserved in several different pathologies [63–

65,110]. This subset represented 7% of cells in the original study, and would likely be 

missed by bulk profiling studies (see Box 1). Defining astrocyte heterogeneity at the single-

cell level in different pathologies may complement recent studies in microglia and define 

new molecules mediating astrocyte-microglial communication (see Outstanding Questions). 

In addition, the examples we discuss above likely cover only a small subset of potentially 

coordinated roles of astrocytes and microglia, which may include the formation of myelin, 

remodeling of blood vessels, and regulation of transport across the blood brain barrier. As 

such, future work focused on astrocytes and microglia as a functional unit in all of their 

varied roles has the potential to address the complexity of biology in new ways and reveal 

novel therapeutic avenues in disease.
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OUTSTANDING QUESTIONS

Single-cell profiling studies have identified new myeloid-cell subsets. How do these 

recently identified subsets modulate astrocyte identity and astrocyte-microglial 

communication? Does microglial heterogeneity induce astrocyte heterogeneity?

How does environment shape the emergence of microglial and astrocyte subsets? Do 

specific subsets drive astrocyte-microglial communication?

Which molecules secreted from astrocytes can regulate microglia numbers, and do 

microglia provide feedback in this regulatory loop (and if so, how)?

To what degree does the periphery and non-myeloid immune cells (including in the brain 

meninges) modulate astrocytes and microglia under steady state conditions?

How might therapeutics targeted against one cell type in the microglia-astrocytic unit 

shift the phenotype of the other cell type? Could therapeutics targeted against microglia, 

for instance, be used to shift astrocyte phenotypes in beneficial ways, such as to minimize 

glial scarring after brain injury?
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HIGHLIGHTS

Astrocytes and microglia perform complementary roles during brain development and 

physiology. Among the best studied of these are their roles in supporting synapse 

development and responding to neuronal signals. Astrocytes and microglia may 

coordinate their supportive functions in other, less studied physiologic processes, 

including myelination, blood brain barrier regulation, and angiogenesis.

In response to injury, inflammation, and degenerative diseases, context-specific signals 

can shape both astrocyte and microglial responses. This type of synchrony in the 

astrocytic-microglial unit has been demonstrated in mouse models of Alzheimer’s 

Disease, Multiple Sclerosis, and encephalitis.

Molecular mechanisms that regulate astrocyte-microglia communication include direct 

signaling through cytokines and other molecules, as well as distinct but coordinated 

responses to shared environmental signals such as purines and norepinephrine. In 

pathology, blood-derived factors help to synchronize the astrocyte-microglia unit.
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Text Box 1

M1/M2, A1/A2: should we call the whole thing off?

There has been increasing appreciation of the diversity of astrocyte and microglial 

responses to their environment. However, attempts to categorize these changers have been 

challenging, leading to controversy and confusion. Below we provide our perspective on 

how these proposed categories have both helped and hindered the field.

The concept of “M1/M2” microglia was loosely based on the concept that stimuli 

associated with Type 1 and Type 2 immune responses in vivo produced distinct patterns 

of macrophage activation in vitro. For example, the bacterial lipopolysaccharide (LPS), 

induced a more proinflammatory type 1 or “M1” profile, whereas the type 2 cytokines 

IL-4/13 led to expression of markers like Arginase 1, Mannose receptor C-type 1, and 

others associated with type 2 responses. Since the proposal of this paradigm, the field has 

evolved dramatically. Experiments in vivo have revealed the many limitations of the in 
vitro environment. The advent of transcriptomics has uncovered gene expression changes 

much beyond what can be appreciated with a handful of markers. Our understanding of 

immune responses themselves has changed, with the identification for instance of Th17 

and regulatory responses as major axes of the immune response.

It has become apparent that the M1/M2 concept does not adequately capture the 

heterogeneity of macrophage responses in vivo, as clarified by some of the original 

authors of the proposal [111]. One could argue that it is particularly poorly suited to 

describing microglia, which occupy a distinct immunologic niche. The literature has been 

slow however to catch up with these evolving views. Investigators continue to use the 

expression of M1/M2 markers as a surrogate for a genuine mechanistic understanding of 

how microglial function changes in each particular pathology. This is not to say that these 

subsets do not exist at all. Single cell sequencing has revealed small populations of Arg1-

positive microglia in vivo, for example [63]. The challenge is to determine what these 

subsets mean for microglial function.

In this context, it has been proposed that there are subtypes of reactive astrocytes, termed 

by some groups A1/A2, that are themselves loosely based on the M1/M2 paradigm. This 

classification followed the discovery that LPS-exposed astrocytes have a distinct gene 

expression profile from astrocytes isolated after ischemic stroke [83]. Astrocytes 

expressing A1 markers in vitro had clearly neurotoxic effects [84]. These discoveries 

were important because they clearly laid out the concept that reactive astrocytes are 

heterogeneous and suggested possible new markers to sort out this heterogeneity. 

However, the notion that “LPS astrocytes” or “stroke astrocytes” should or could be 

identified in pathologies ranging from viral infection, to neurodegeneration, to cancer, is 

unlikely to bear fruit. The identification of these subtypes has no agreed upon definition, 

further adding to the confusion. In some cases, cells have been labeled “A1 astrocytes” in 

human tissues based on expression of a single marker. In others, they are defined based 

on expressing somewhat more A1 than A2 genes from the original study. As with the 

M1/M2 paradigm, the danger of this approach is that it may be used as a shortcut to 

imply a mechanistic understanding.
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One thing is clear from these examples: both astrocytes and microglia are exquisitely 

sensitive to their environment. Unlike neuronal or T-cell subsets, which retain a relatively 

stable lineage identity, astrocytes and microglia are in a constant state of flux. Their 

subtypes are defined less by lineage-determining transcription factors, and more by state-

dependent transcription factors (e.g. NF-κB, STAT) [59]. This makes it more likely that 

subtypes will shift with time, with distance from the lesion, and with other variables not 

yet identified. As, such, any method of categorization, whether it consists of two groups, 

20 groups, or a continuum, is useful only to the degree that it advances the following 

goals: 1) To identify novel astrocyte and microglial functional states that impact CNS 

function. 2) To rigorously define the impact of those molecules on other CNS cell types. 

3) To discover ways to promote or inhibit these functions in healthy physiology or 

disease.
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Figure 1: Function of the astrocyte-microglia module from homeostasis to pathology.
Under physiologic conditions astrocytes (ochre) and microglia (blue) support neuronal 

functions, whereas in pathology they lose some of their supportive functions in favor of 

optimizing survival. This is accompanied by a change in morphology, secretome and 

increase in reactive markers and phagocytic activity.

Vainchtein and Molofsky Page 18

Trends Neurosci. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Mechanisms for regulating the astrocyte-microglia module.
Astrocytes (ochre) and microglia (blue) can inter-signal (factors A and B) and thereby 

amplify or diminish their individual or shared responses (communication). This signaling 

can be adjusted by ligands (factor C) that target both cell types (synchrony) or that target one 

cell type that indirectly alters (factor D) the other cell type (relay effects).
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Figure 3: Molecules involved in astrocyte-microglia communication.
Examples of the types of shared signaling pathways described in Figure 2 are shown here. 

Molecules that induce synchronous responses in both astrocytes and microglia via distinct 

receptors include norepinephrine and purines. More complex interactions involving 

intermediary cells have also been described- for example, astrocyte-derived TGF-beta leads 

to neuronal release of complement, which acts on microglia. Astrocytes and microglia can 

directly impact one another via molecules like IL1a, TNF, and IL-33. Finally, blood derived 

signals, such as circulating bacterial metabolites and likely others can act on both astrocytes 
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and microglia through shared receptors. Again, intermediate cell types can be relevant, for 

example astrocyte-derived IL-1 could alter permeability of the blood brain barrier, thereby 

enabling microglial activation.
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