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anti-inflammatory activation states, which depend on 
redox states. Recent single-cell RNA sequencing (RNA-
seq) has revealed numerous aging- and AD-related 
microglial phenotypes, including “disease-associated 
microglia” (DAM), which is probably involved in pro-
tective phagocytosis, and “neurodegenerative microglia” 
(MGnD), which is a dysfunctional microglial phenotype. 
Furthermore, proliferative-region-associated microg-
lia (PAM) arise during development and express genes 
enriched in DAM.

The microglial phenotype could be constantly shaped 
by the microenvironment in a time- and context-depen-
dent manner. Herein, we discuss the relationship between 
distinct microglial phenotypes and AD.

Microglia in the brain
Microglia are self-renewing and long-lived immune cells 
in the brain. Adult microglia are derived from unique 
yolk sac-primitive macrophages at embryonic days 8.5–9 
in mice and migrate to the CNS during embryogen-
esis[4]. However, an alternative hypothesis suggests that 
microglial progenitors distinct from yolk sac-derived 
cells may exist and this hypothesis is receiving some sup-
port of many studies[5–7]. Microglia are mainly found 

Introduction
Microglia are the resident immune cells of the central 
nervous system (CNS) [1] and are crucially involved 
in maintaining brain homeostasis. Microglia are an 
extremely heterogeneous group of cells that interact 
with other CNS cells, including neurons, astrocytes, 
and oligodendrocytes [2]. Moreover, microglial mor-
phology differs in the presence of neuronal cell bodies, 
dendrites, axons, myelinated axons, and blood vessels; 
a direct link between phenotypes and functions is not 
always straightforward. Microglial proliferation and 
activation concentrated around amyloid plaques is a 
prominent characteristic of Alzheimer disease (AD) [3]. 
Microglia regulate neuronal development and synaptic 
plasticity during learning and environmental adaptation, 
suggesting a crucial role in AD pathogenesis. Microglial 
activation in the CNS is heterogeneous and can be cat-
egorized as resting/surveilling, pro-inflammatory, and 
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Abstract
Microglia are immune-competent cells that are critically involved in maintaining normal brain function. A 
prominent characteristic of Alzheimer disease (AD) is microglial proliferation and activation concentrated around 
amyloid plaques in the brain. Recent research has revealed numerous microglial phenotypes related to aging and 
AD, apart from the traditional M1 and M2 types. Redox signalling modulates the acquisition of the classical or 
alternative microglia activation phenotypes. The numerous microglial functions can be achieved through these 
multiple phenotypes, which are associated with distinct molecular signatures.
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in neurogenic niches; specifically, the subventricular and 
subgranular zone[8]. Under physiological conditions 
microglia self-renew over an organism’s entire lifespan. 
Microglia are relatively long-lived and rarely proliferate 
in the brain, except during certain CNS insults, including 
stress, lesions, infectious diseases, normal aging, a diet 
lack in phytochemicals[9], nutritional and hormonal dis-
orders[10], which affects CNS homeostasis and microg-
lial physiology. Microglia are not uniformly distributed 
throughout the CNS[11]; a large number of microglia are 
observed in the hippocampal dentate gyrus, substantia 
nigra, and parts of the basal ganglia; moreover, the olfac-
tory telencephalon in mice has the largest microglial pop-
ulation. Additionally, there are different microglial sizes 
and ramification patterns within and between different 
histological layers of the cerebellar cortex. The microg-
lial proportion ranges from 5% in the cortex and corpus 
callosum to 12% in the substantia nigra[12]. Regional 
heterogeneity of microglia could be attributed to the 
residential environment, especially interactions with 
neurons or neural progenitor cells; however, there could 
be intrinsic mechanisms contributing to the heteroge-
neity. After entering the brain, microglial progenitor 
cells quickly proliferate in situ during the first two post-
natal weeks, with approximately 95% of microglia being 
generated[13]. The speed of microglial processes also is 
significantly slowed with age. Microglia may have an epi-
thelioid, rod, amoeboid, multinucleated, or “dystrophic” 
morphological appearance. During early brain develop-
ment, microglial cells present an amoeboid profile char-
acterized by large and rounded cell bodies and short and 
thick branches. During the mature development stages, 
microglia present an amoeboid form characterized by 
fewer or shorter branched processes[14].

There has been active research on microglial func-
tion under pathological and physiological conditions. 
Microglia have a small cell body with highly branched 
processes; moreover, the microglial number and func-
tion are tightly controlled by the local microenvironment 
and interactions with surrounding cells under normal 
physiological conditions. Microglia enter the developing 
brain very early before neurogenesis, neuronal migra-
tion, myelination in various brain areas, as well as glio-
genesis in the regional neuroepithelia[15]. Microglia were 
assumed to play a passive or supportive role in neurons; 
however, they are now known to be very motile within 
the CNS and to engage with the other brain’s intrinsic 
immune cells, neuronal circuit development, synaptic 
pruning, myelin turnover, neuronal excitability control, 
etc. Microglial-depleted mice show defective learning 
and memory formation abilities. However, the range of 
microglial functions remains unclear.

Although microglia are considered to be cru-
cially involved in the pathogenesis and progression 

of numerous neurodegenerative disorders, their role 
remains unclear.

Microglia in Alzheimer disease
AD is an age-related, progressive, and irreversible neuro-
degenerative disorder characterized by progressive loss of 
memory and cognitive abilities; moreover, it is the most 
common dementia form in the elderly [16]. AD is divided 
into familial (FAD) and sporadic forms. Neuroimmune 
inflammation and oxidative stress play an important role 
in the pathogenesis of AD. Microglia are major sources of 
free radicals such as superoxide nitric oxidein the brain, 
and play crucial roles in AD[17]. Numerous sporadic AD 
risk genes[18], including apolipoprotein E (ApoE), trig-
gering receptor expressed on myeloid cells 2 (TREM2), 
Cluster differentiation(CD) 33, membrane-spanning 
4-domains, subfamily A, member 6 A (MS4A6A), ATP-
binding cassette, sub-family A, member 7 (ABCA7), and 
complement receptor 1 (CR1), are highly expressed in 
microglia and affect microglial phagocytosis of amyloid-
beta peptides(Aβ). During the early and advanced AD 
stage, microglia protect against amyloid accumulation 
and promote neuropathology, respectively.

The role of microglia in neurodegenerative diseases 
has been intensively studied. Approximately two-thirds 
of novel AD-risk single nucleotide polymorphisms are 
exclusively[19] or dominantly expressed in microglia. 
Furthermore, AD involves increased microglial prolif-
eration. In AD, microglia have a “double-edged sword” 
effect involving neurotoxic or neuroprotective func-
tions based on contextual factors and disease stage[20]. 
During the early AD stage, microglia are involved in Aβ 
and tau clearance from the brain. Contrastingly, in the 
later AD stage, sustained microglial activation causes 
a chronic pro-inflammatory state, including increased 
production of pro-inflammatory cytokines, reactive oxy-
gen species (ROS), and dysfunctional lysosomal depos-
its, which adversely affects neuronal survival and causes 
direct neuronal damage, concurrently promoting protein 
aggregation. This suggests that microglia are potential 
therapeutic targets for AD.

Microglial phenotypes in AD
The restoration of redox balance may be determinant in 
driving microglia back to the resting state. Impairment 
of redox homeostasis possibly associated with microglia 
activation and then changes of microglial phenotypes. 
Historically, microglial phenotypes can be categorized 
according to the cell morphological features[12]. Microg-
lial morphological changes are widely utilized to quan-
tify microglial activation. Generally, highly ramified and 
amoeboid cells are designated as “resting” and “activated,” 
respectively, with a range of intermediate activation 
states (e.g., “intermediately activated,” “bipolar,” “rod-like,” 
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“hypertrophied,” and “bushy”). Therefore, understanding 
the modulation of microglial phenotypic shifts and redox 
signaling is crucial for developing therapeutic strategies 
for AD.

The classical microglia activation phenotypes
Microglial activation has been considered as heteroge-
neous, with categorization into the M0, M1, and M2 
phenotypes involved in surveillance, pro-inflammatory 
response, and anti-inflammatory response, respectively. 
M1 and M2 microglia are common in various neurode-
generative diseases, including AD, and could facilitate 
the conceptualization of microglia activities in vitro (see 
Table 1; Fig. 1).

M0 phenotype
Microglial cells were considered to be in a “resting” state 
under healthy conditions[21], which is characterized by 
functional dormancy; expired, low, or absent expression 
associated with activation molecules, and an “immo-
bile” branching morphology. In the healthy CNS, rest-
ing microglia present a low or no antigen-presenting 
cell phenotype. Resting microglia constantly extend and 
retract their thin ramified processes to monitor their 
surroundings for signs of infection or homeostasis-per-
turbing events; moreover, they remodel neural circuits 
by forming synaptic communications with adjacent neu-
rons in healthy brains[22]. The microglial gene signature 
in mice revealed an association of loss of homeostatic 
microglial function with the degree of neuronal cell loss. 
The role of resting microglia remains unclear. However, 
this term is no longer unpopular since these “resting” 
cells are far from resting and exhibit restless and vigorous 
movement in their delicate ramified processes even in the 
normal CNS[23].

M1 phenotype
M1 is a pro-inflammatory phenotype involved in neuro-
inflammatory processes[24]. M1-activated microglia can 
produce ROS due to reduce nicotinamide adenine dinu-
cleotide phosphate oxidase activation (respiratory burst) 
and increase production of pro-inflammatory cytokines, 
including tumor necrosis factor alpha (TNF-α) and inter-
leukin (IL)-1β, and then induce inflammation cascade 
[9]. Similar to macrophage activation, pro-inflammatory 
cytokine production is essential for microglial polariza-
tion toward the M1 phenotype. M1 microglia are con-
sidered as both beneficial and detrimental, depending on 
the temporal and regional characteristics of microglial 
activation.

M2 phenotype
M2 polarization is also referred to as “alterna-
tive activation.” It is characterized by the release of 

anti-inflammatory cytokines and neurotrophins and is 
mainly involved in reparative and restorative processes 
while resolving acute inflammatory events. M2 polar-
ization, which secretes anti-inflammatory cytokines and 
nutrient factors for promoting repair, regeneration, and 
restoring homeostasis, is widely considered as neuro-
protective. Because microglia/macrophages respond to 
IL-4 or IL-13, M2 microglia show increased phagocy-
tosis and produce growth factors, including insulin-like 
growth factor-1 (IGF-1), and anti-inflammatory cyto-
kines, including IL-10. In M2 polarization, there are 
three described subpopulations because a single cohesive 
M2 phenotype cannot reflect the diversity of microglial 
populations[25]. M2a (alternative activation) is involved 
in repair and regeneration through the expression of anti-
inflammatory and neurotrophic factors [26]; however, 
this phenotype is rare in AD brains [27]. The M2b tran-
sitional state (type II alternative activation) is involved in 
immune responses, with the expression of pro-inflamma-
tory and anti-inflammatory mediators; contrastingly, the 
M2c state (acquired deactivation) mediates myelin debris 
clearance[28], neuroprotection, and release of anti-
inflammatory cytokines[26].

Intermediate polarization “M1½” state [29]
Several studies have suggested an intermediate state 
of polarization (“M1½”) exist in microglia and no clear 
lesion stage-dependent polarization patterns have been 
identified.

There is much overlap among M1½ and M1, M2; 
therefore, intermediate phenotype absent the unique 
markers and were observed in close proximity to blood 
vessels and tau pathology[30]. Normal resting microglia, 
reactive microglia, intermediate and bumpy forms and 
macrophage-like cells can be distinguished by Ionized 
calcium binding adaptor molecule 1 (IBA1), CD68, CD16 
and CD163 and CD11b, CD45, c-musculoaponeurotic 
fibrosarcoma(c-MAF), and CD98 can be used further 
categorized(31).

Regarding neurodegenerative diseases, transcriptome 
data have revealed that microglia express neurotoxic 
and neuroprotective factors, as well as genes involved in 
stress responses, misfolded proteins, and neuronal dam-
age. The microglial M1/M2 balance is modulated by the 
redox status [50]. M1 and M2 categories can facilitate 
the illustration of the pathobiology of inflammatory and 
degenerative CNS disorders. Although functional clas-
sification of microglia as neurotoxic (M1) or neuropro-
tective (M2) has allowed conceptualization of microglial 
activities in vitro, further distinction provides a useful 
framework for exploring the diverse functions of the 
innate immune system in disease pathogenesis. Notably, 
M0-to-M1-to-M2 polarization involves changes in mor-
phological appearance, quantity, and function. It remains 
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Possible 
markers

Morpho-
logical 
appearance

Activation 
pathway

Function Secreted 
factors

Effect 
of fatty 
acids on 
microglia

Chemokines Main 
en-
ergy 
source

M0
(Homeo-
static 
microglia)

CD11b, 
P2ry12, 
Cx3cr1, 
Tmem119, 
Sall1, Tgfbr1, 
Fcrls, Hexb, 
Mertk, Gpr34, 
Olfml3, Si-
glech [32]

Branched, 
have small 
somata and 
multiple fine 
processes 
[33])

– Have 
housekeep-
ing func-
tions and 
typically 
express 
genes 
involved 
in synaptic 
pruning, 
remodel-
ing, and 
phagocyto-
sis [34]

Soluble 
factors, 
including 
TNF-α 
and 
BDNF

– CCL2 –

M1
(pro-
inflam-
matory 
microglia)

CD86, 
CD16/32, 
MHC-11, 
CD40, IFN-γ
CD11b, CCL2
iNOS, Cox-2, 
IL‐1β, IL‐6, 
TNF‐α [35, 
36]

Larger 
somata and 
still branched 
compared 
with M0

LPS and 
IFN-γ [37]

Pro-inflam-
matory and 
pro-killing 
functions

TNF-α, 
IL-6, IL-12, 
IL-1β, 
IL-18, 
CXCL10, 
NO, ROS, 
iNOS, 
and pro-
teolytic 
enzymes 
(MMP9, 
MMP3) 
[38]

saturated 
fatty acids 
increase 
the pro-
inflam-
matory 
microglial 
phenotype

CCL2、CCL3、CCL4、CCL5、CXCL1、CXCL8
、CXCL9、CXCL10

Prefer-
entially 
use 
gly-
colysis 
[39]

M1½ co-express-
ing M1 
makers and 
M2 markers 
[40]

Bipolar-
shaped 
microglia [41]

-- improve 
cognition 
[42]

-- -- -- --

Table 1 Differences of microglia in the M0/M1/M2 phenotype
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unclear whether this represents a transition between dif-
ferent microglial types or a cycle of different states of the 
same microglial type. However, the M1/M2 distinction is 
still considered because it was developed through in vitro 
experiments in a simplified environment that cannot be 
replicated in vivo.

The alternative microglia activation phenotypes
Microglial cells undergo morphological and functional 
changes in AD brains, which could extend beyond the 
M1/M2 dichotomy. Recent reports have indicated that 
during aging and age-related neurodegenerative dis-
eases, microglial phenotypes are transient and dem-
onstrate temporal and spatial evolution. Microglia can 
change from homeostatic to other reactive states, includ-
ing activated response microglia (ARM), DAM, MGnD, 
lipid droplet-accumulating microglia (LDAM), and dark 
microglia(DM).

Lipid droplet-accumulating microglia (LDAM) [51]
With aging, microglia accumulate lipid droplets. Lipid 
droplets can form due to various environmental and cel-
lular conditions, including increased levels of extracel-
lular lipids, inflammatory events, increased ROS levels, 

and intracellular metabolic changes. According to lipido-
mics analysis, lipid droplets mainly contain glycerolipids, 
with low cholesteryl ester levels. LDAM, which recedes 
amyloid plaque formation [52] and accounts for > 50% 
of all microglia in the aged hippocampus [53]. However, 
microglia without lipid droplets lack typical age-related 
functional impairments and a primed phenotype, sug-
gesting that LDAM may be the primary detrimental 
microglial in the aging brain.

LDAM, which differ from DAM and MGnD with 
respect to the transcriptional profile, have defective 
phagocytosis, produce high ROS levels, and secrete 
pro-inflammatory cytokines. Several genes regulate the 
LDAM phenotype, including progranulin gene (GRN), 
solute carrier family 33 member 1(SLC33A1), sorting 
nexin 17(SNX17), vacuolar protein sorting retromer 
complex component, Niemann-Pick disease type C 
2(NPC2), and neuronal ceroid lipofuscinosis 3(NCL3), 
with some genes overlapping between DAM and MGnD 
[54]. LDAM produce high levels of ROS and reactive 
nitrogen species, release higher levels of cytokines (e.g., 
IL-6, CCL3, and CXCL10) under control conditions, 
and show defective phagocytosis. Typical aging genes, 
including AXL, C-type lectin domain family 7 member A 

Possible 
markers

Morpho-
logical 
appearance

Activation 
pathway

Function Secreted 
factors

Effect 
of fatty 
acids on 
microglia

Chemokines Main 
en-
ergy 
source

M2 (anti-
inflam-
matory 
microg-
lia) [43, 
44]

M2a CD206, 
SRs 
Arg1, 
Fizz-1
, YM1, 
CCL22

Amoeboid 
morphology 
[45]

IL-4 or IL-13 
[46]

Involved in 
phagocy-
tosis, tissue 
restoration, 
and tissue 
regenera-
tion

IL-10, IGF-
1, and 
trophic 
poly-
amines

Unsatu-
rated fatty 
acids 
influence 
the anti-
inflam-
matory 
microg-
lial pheno-
type [46]

CCL22、CXCL8、CXCL12、CX3CL1 Oxida-
tive 
phos-
phory-
lation 
and 
fatty 
acid 
oxida-
tion 
[39]

M2b CD86, 
MHC II
TNF-α, 
IL-6, 
IL-10, 
COX2

TLRs, FCγ 
and IL-1 
receptors 
[47]

Involved in 
the recruit-
ment of 
regulatory 
T cells

TNF-α, IL-
1β, IL-10, 
and IL-6

M2c SLAM, 
CD206
TGFβ, 
IL-10, 
CD163 
[48]

IL-10, TGF-
β, and glu-
cocorticoid 
hormones, 
sphingo-
sine kinase, 
and CD163. 
A mem-
brane-
bound 
receptor for 
haptoglo-
bin/he-
moglobin 
complexes 
[49]

Involved in 
anti-inflam-
matory and 
therapeutic 
functions

TGF-β, IL-
10, sphin-
gosine 
lipid 
kinase

Table 1 (continued) 
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Distinctive 
Features

unique 
phenotypic 
properties

pheno-
typic
markers

Function Incentives Formation Content Distribution Immu-
noreac-
tivity

Animal models

Typi-
cal 
mi-
crog-
lia

The resi-
dent non-
activated 
microglia 
present 
ramified 
morphol-
ogy with 
long exten-
sion; how-
ever, upon 
activation, 
they retract 
the exten-
sions and 
become 
amoeboid 
[18]

-- TMEM119, 
CD11B, 
and 
P2RY12/
P2RY13 
expres-
sion, with 
low CD45 
expres-
sion [78]

Regulate 
synaptic 
plasticity, 
learning, 
and mem-
ory mecha-
nisms [79]

No mention Erythro-
myeloid 
progenitor 
cells in the 
embryonic 
yolk sac [80], 
with the 
same origin 
as that of 
peripheral 
macro-
phages 
(myeloid 
progenitors)

Comprise 
5–10% of 
all CNS 
cells [81]

in all brain 
regions, 
mainly in 
the gray 
matter [82]

High 
immu-
noreac-
tivity for 
homeo-
static 
markers 
(GFP in 
CX3CR1-
GFP 
mice, 
P2RY12, 
IBA1, 
etc.)

---

LDAM Containing 
large inclu-
sions, i.e., 
lipofuscin 
granules 
[83]

Exhibit a 
unique tran-
scriptional 
signature, 
show 
phagocyto-
sis deficits, 
and produce 
increased 
levels of ROS 
and pro-
inflammato-
ry cytokines 
[51]

GRN, sol-
ute carrier 
family 33 
Member 1 
(SLC33A), 
SNX17, 
vacuolar 
protein 
sorting 
retromer 
complex 
com-
ponent 
(VPS35), 
NPC2, and 
CLN3 [54]

Represent a 
dysfunc-
tional and 
pro-inflam-
matory 
microglia 
state in the 
aging brain 
[51]

Increased 
extracellular 
lipid levels, 
inflamma-
tory events, 
increased 
ROS 
levels, and 
intracellular 
metabolic 
changes 
[84]

Age-related 
neuroinflam-
mation [51]

Approxi-
mately 
50% of mi-
croglia in 
the aging 
brain 
accumu-
late lipid 
droplets 
[51]

Frequently 
found in the 
hippocam-
pus and 
thalamus 
[51]

Immu-
noreac-
tive for 
Iba1, 
Plin2, 
Plin3

Five human familial 
AD mutations 
(5XFAD) [85]

DAM Rounded 
enlarged 
bodies, 
with 45% of 
DAMs being 
dystrophic 
[86]

upregulated 
expression 
of genes re-
lated to lipid 
metabolism, 
phagocyto-
sis, and AD 
pathology, 
downregu-
lated expres-
sion of 
homeostatic 
markers, 
without 
changes in 
expression 
of inflam-
matory cyto-
kines [67]

anti-
inflamma-
tory DAM 
genes 
(e.g., 
Kcnj2, 
Nceh1, 
Timp2, 
CXCR4), 
pro-
inflam-
matory 
DAM-spe-
cific gene 
(e.g.: 
Ptgs2/
Cox2 
or Tlr2, 
CD14, 
CD44)

Compared 
with normal 
microglia, 
DAMs show 
progressive-
ly increased 
lipid 
metabolism 
and expres-
sion of 
phagocytic 
genes, and 
therefore 
protect 
against AD 
and clear 
Aβ [67]

Accumula-
tion of 
danger 
molecules 
present on 
apoptotic 
bodies of 
dying 
neural 
cells, lipid 
degradation 
products, 
and myelin 
debris [87]

Dependent 
on TREM2 
signaling 
[67], also 
partially by 
APOE

A propor-
tion of 
DAM 
increases 
with 
aging, ac-
counting 
for 3% of 
all microg-
lial cells in 
20-month-
old mice 
[67].

Within the 
cortex, but 
not the 
cerebellum, 
of AD mice 
[40]

Immu-
noreac-
tive for 
IBA1 and 
HLA-DR

PS19 tau trans-
genic, SOD1-G93A 
transgenic, and 
aged mice; five 
human familial AD 
mutations (5XFAD) 
and CK-p25; 
PS2APP and APP/
PS1 [67, 88]

Table 2 Features of Newly-described microglial phenotypes
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Distinctive 
Features

unique 
phenotypic 
properties

pheno-
typic
markers

Function Incentives Formation Content Distribution Immu-
noreac-
tivity

Animal models

MGnD A phago-
cytic 
microglia 
pheno-
type with 
reduced 
ramifica-
tions and 
cell volume 
[89]

The signa-
ture genes 
associated 
with MGnD 
regulate 
lipid 
metabolism 
and phago-
cytosis [54]

Strong 
down-
regulated 
expres-
sion of 
homeo-
static 
genes, 
with up-
regulated 
expres-
sion of 
selective 
genes 
including 
Spp1, 
Itgax, Axl, 
Clec7a, 
Lgals3, 
Apoe, and 
Grn [59]

Protec-
tive and 
represent 
an initial 
response 
to neuronal 
injury

Induced by 
neuronal 
apoptosis or 
Aβ plaques 
[59]

The switch 
from 
homeostatic 
microglia 
to MGnD is 
regulated by 
the TREM2-
APOE path-
way [59]

No 
mention

In APP-PS1 
mice, MGnD 
primar-
ily encircled 
amyloid 
plaques and 
dystrophic 
neurites, 
which are 
blan-
keted by 
homeostatic 
microglia 
in the 
periphery.

Low 
or no 
immu-
noreac-
tivity for 
P2RY12

APP-PS1 mice, APP-
PS1 Trem2−/− mice 
[59, 67]

Dark 
mi-
crog-
lia

Electron 
microscopy 
reveals 
condensed 
cytoplasm 
and nu-
cleoplasm, 
increased 
projections 
to syn-
apses, and 
increased 
encircling 
of axon ter-
minals and 
dendritic 
spines [90]

a down-
regulated 
expression 
of homeo-
static mark-
ers, CX3CR1, 
IBA1 and 
P2RY12, but 
strongly ex-
pressed the 
microglia-
specific 
4D4 in their 
processes 
[62]

Strongly 
express 
CD11b, 
Trem246, 
and 4D4, 
with 
down-
regulated 
expres-
sion of 
IBA1, 
CX3CR1, 
and 
P2RY12 
[64]

Extensively 
engulfing 
dendritic 
spines, axon 
terminals, 
and entire 
synapses

Chronic 
stress, 
aging, 
fractalkine 
signaling 
deficiency 
(CX3 CR1 
knockout 
mice), and 
Alzheimer’s 
disease 
pathology 
(APP-PS1 
mice) [64]

Derived 
from yolk 
sac, brain 
progenitors, 
or bone 
marrow-
derived cells 
recruited to 
the brain in 
a CCR2‐in-
dependent 
manner [91]

In age-
matched 
APP/PS1 
litter-
mates, the 
number 
of dark 
microglia 
corre-
sponded 
to almost 
two‐
thirds of 
the typical 
microglial 
popula-
tion [64]

The hip-
pocampal 
CA1 region 
(strata lacu-
nosum-mo-
lecular and 
radiatum), 
subgranular 
layers of 
the cerebral 
cortex, 
basolateral 
nucleus of 
the amyg-
dala, and hy-
pothalamic 
median 
eminence 
[64]

Low 
immu-
noreac-
tivity for 
homeo-
static 
markers
(GFP in 
CX3CR1-
GFP 
mice, 
IBA1, 
CD11b, 
4D4, 
TREM2); 
no AL-
DH1L1, 
OLIG2, 
P2RY12, 
4C12, 
MHCII, 
CD206, 
CD11c 
expres-
sion [64]

APPSwe-PS1ΔE9
、CX3CR1 knock-
out mice [64, 92]

Table 2 (continued) 
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Distinctive 
Features

unique 
phenotypic 
properties

pheno-
typic
markers

Function Incentives Formation Content Distribution Immu-
noreac-
tivity

Animal models

PAM Compared 
with typical 
microglia, 
PAM are 
amoeboid 
with thicker 
primary 
branches 
and larger 
cell bodies 
[93]

enrich many 
meta-
bolic genes 
including 
almost 
the entire 
molecular 
machineries 
for oxidative 
phos-
phorylation, 
glycolysis 
and beta 
oxidation

Charac-
terized by 
expres-
sion of 
numerous 
trophic 
factors 
including 
Igf1, Spp1, 
Lgals1, 
and 
Lgals3 
[63]; con-
trastingly, 
many 
genes 
(Apoe, 
Igf1, 
Lilrb4, 
Lyz2, 
Colec12, 
Msr1, Ma-
p1lc3b) 
have up-
regulated 
expres-
sion [94]

Phagocy-
tose newly 
formed oli-
godendro-
cytes and 
possibly 
new-born 
astrocytes 
during 
develop-
ment

No mention Indepen-
dent of the 
TREM2-APOE 
axis [65]

Comprise 
one-third 
of the 
normal 
microglial 
popula-
tion in 
APP-PS1 
mice [64]

Developing 
cerebel-
lar white 
matter and 
corpus 
callosum

Immu-
noreac-
tive for 
CLEC7A

Trem2−/− 
or Apoe−/− [65]

WAM Cluster in 
nodules

upregulated 
genes linked 
to athero-
sclerosis, 
cytokine sig-
naling, and 
apoptosis 
[68], down-
regulation 
of genes 
expressed in 
homeostatic 
microglia, 
such as 
checkpoint 
genes

Increased 
expres-
sion of 
the NF-κB 
pathway 
and adhe-
sion fam-
ily GPCR 
GPR56 
(ADGRG1) 
[95]

May 
represent a 
potentially 
protective 
response 
[68]

Aging and 
cerebral 
hypoperfu-
sion

Dependent 
on age and 
TREM2 but 
not APOE 
signaling 
[68]; APOE 
dependent 
[96]

~ 20% in 
21-month-
old AD 
model 
mice

White mat-
ter tracts 
from the 
corpus cal-
losum [68]

Immu-
noreac-
tive for 
CD68 
[96]

MTX rats (MTX 
through intraperi-
toneal injection 
every week at a 
dose of 200 mg/
kg/week for a 
total of 4 weeks, 
and a final dose of 
800 mg/kg) (97); 
Apoe−/− mice; 
APP/PS1 mouse 
model [68, 98]

Table 2 (continued) 
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Distinctive 
Features

unique 
phenotypic 
properties

pheno-
typic
markers

Function Incentives Formation Content Distribution Immu-
noreac-
tivity

Animal models

ARM 
[70, 
97]

No mention MHC-II 
presenta-
tion (Cd74, 
Ctsb, Cstd), 
inflamma-
tory pro-
cesses (Cst7, 
Clec7a, 
Itgax) puta-
tive tissue 
repair genes 
(Dkk 1, Spp1, 
Gpnmb) 
and AD risk 
genes like 
APOE

Increased 
expres-
sion of 
histocom-
patibility 
complex 
class II 
genes 
(Cd74, H2-
Ab1, and 
H2-Aa) 
and pro-
inflam-
matory 
genes 
Cst7, 
Clec7a, 
and Itgax 
(encoding 
CD11c)

No mention No mention No mention Increased 
from ap-
proximate-
ly ~ 3% in 
3-month-
old mice 
to ~ 12% 
of the 
total mi-
croglia in 
21-month-
old mice

No mention No 
mention

IRM Adopts a 
reactive 
morphol-
ogy after 
rIFN-β ex-
posure, with 
reduced 
dendrite 
length, 
branch, and 
terminal 
points [99]

the expres-
sion of thou-
sands of 
interferon-
stimulated 
genes [100]

Increased 
expres-
sion of 
Ifit3, 
Ifitm3, 
Irf7, and 
Oasl2 
[100]

Contribut-
ing to the 
inflamma-
tory tone 
of the aged 
and AD 
brain [71]

Aging, viral 
infection, 
cuprizone-
induced 
demyelin-
ation

can be 
triggered 
by nucleic 
acid (NA)-
containing 
plaques

15% of all 
APP/PS1 
microglia 
[97]

No mention Immu-
noreac-
tive for 
IBA1

5XFAD mice [96], 
CK-p25 mice 
[75], APP-PS1, 
tauopathy (P301S
和P301L)

NM Chromo-
some frag-
mentation, 
membrane 
blebbing, 
and cell 
volume 
shrinkage

Release 
various pro-
inflammato-
ry cytokines 
and chemo-
kines [101], 
including 
tumor 
necrosis 
factor-α and 
chemokine 
(C-C motif ) 
ligand 2

-- Highly 
pro-inflam-
matory and 
immuno-
genic [72]

Different 
cellular 
stimuli, 
including 
TNF-α, FAS 
ligand, 
TRAIL, IFNγ, 
ischemia-
reperfusion 
injury, and 
double-
stranded 
RNA 
(dsRNA)

Through 
TLR4 
activation

No 
mention

No mention Immu-
noreac-
tive for 
IBA1

Table 2 (continued) 



Page 10 of 16Wei et al. Immunity & Ageing           (2022) 19:44 

(CLEC7A), and CYBB, are regulated in a reciprocal direc-
tion in LDAM. Furthermore, TREM2 and APOE, which 
are involved in neurodegeneration, are upregulated in 
DAM and MGnD but are not regulated in LDAM. In the 
aging brain, LDAM showed severe phagocytosis deficits 
compared with microglia without lipid droplets. There-
fore, this phenotype can be considered a dysfunctional 
microglia state.

Disease-associated microglia (DAM)
Upregulated genes in DAM, also known as Aβ-plaque-
associated microglia, include Axl, Apoe, Clec7a, Itgax, 
Galectin 3 (LGALS3), and cystatin F (CST7), which are 
considered to be involved in neurodegenerative dis-
eases. DAM are Trem2-dependent microglia observed 
with aging, AD, frontotemporal dementia, and amyo-
trophic lateral sclerosis. Most DAM genes do not directly 
accelerate neurodegeneration; however, a few, including 

Fig. 1 Functions of activated microglia in the M0/M1/M2 phenotype

 

Distinctive 
Features

unique 
phenotypic 
properties

pheno-
typic
markers

Function Incentives Formation Content Distribution Immu-
noreac-
tivity

Animal models

Dys-
tro-
phic 
mi-
crog-
lia

Character-
ized by a 
dystrophic 
morphol-
ogy, includ-
ing process 
derami-
fication, 
shortening, 
gnarl-
ing and 
beading, 
spheroid 
formation, 
and cyto-
plasmic 
fragmenta-
tion [77], 
102]

Significant 
changes 
in genes 
controlling 
inflam-
mation, 
including 
the NF-κB 
signaling 
pathway, 
and up-
regulation of 
comple-
ment genes 
C3 and com-
plement 
factor B

-- Impaired 
neuronal 
activity, iron 
storage, 
reduced 
phagocy-
tosis, and 
increased 
ROS 
production

Aging, iron-
fed [76]

Through iron 
accumula-
tion

There 
was an 
increase 
in the pro-
portion of 
dystrophic 
microglia 
with age. 
In the 
case of 
neurode-
generative 
pathology, 
approxi-
mately 
45% of the 
microglia 
were 
found 
to be 
dystrophic.

Near sites 
of tau 
pathology 
and amyloid 
plaques, in 
the neocor-
tical gray 
matter of 
layers II–III in 
aged chim-
panzees [30, 
103]

Immu-
noreac-
tive for 
IBA1
（104
）

aged Tupaia 
belangeri (mean 
age 7.5 years), 
Binge Alcohol 
Model [104],aged 
marmosets [105], 
LPS (0.33 mg/kg) 
administration to 
adult rats [106]

Table 2 (continued) 
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APOE, may be involved in deteriorating neurodegenera-
tion [55].

Single-cell RNA-seq identified three microglial sub-
populations in AD: homeostatic, intermediate, and 
DAM. DAM comprise two clusters, namely, DAM1 
and DAM2, which have distinct patterns of core genes. 
DAM1 core genes include β2-microglobulin (B2M), 
Apoe, and Dap12/Tyrobp; contrastingly, DAM2 is char-
acterized by increased lipoprotein lipase (LPL), Cst7, 
Trem2, Clec7a, and Axl expression [56]. The transition 
from the normal state to DAM1 is TREM2-independent 
while shifting from DAM1 to DAM2 requires TREM2 
signals. Although DAM microglia are known to be asso-
ciated with Aβ plaques, it remains unclear whether they 
have a protective or disease-inducing function. Sriniva-
san et al. compared the transcriptional profile of human 
AD microglia (HAM) and DAM in the mouse 5xFAD 
model, the results suggest that there is little resemblance 
between the DAM profile and HAM profile [57].

Neurodegenerative microglia (MGnD)
The MGnD phenotype, which is very similar to DAM, 
has been observed in several neurodegenerative models 
and is induced by phagocytosis of apoptotic neurons, 
which is activated by Aβ plaques and AAV-P301L-tau 
injection. M0-to-MGnD polarization is associated with 
enhanced phagocytosis of plaques, apoptotic neurons, 
and neuritic dystrophy in APP-PS1 mice [58] and human 
AD [59]). MGnD microglia strongly expressed an extra-
cellular vesicle (EV) marker and interferon-related genes, 
which indicated increased synthesis of EVs. EV release 
in MGnD microglia is over thrice that in homeostatic 
microglia [58]. This MGnD phenotype switch is triggered 
by TREM2, which activates inflammatory genes (includ-
ing Axl, Itgax, Clec7a, and Apoe) and subsequently sup-
presses the homeostatic microglial phenotype (including 
Tgfb(r), Hexb, P2ry12, and Cx3cr1) and TFs (includ-
ing Mef2a, Mafb, and Sall1). There is a partial overlap 
between the M1 and MGnD microglial phenotypes. Fur-
thermore, it remains unclear whether MGnD microglia 
are ultimately beneficial or harmful in AD.

Dark microglia (DM)
DM are increased in non-homeostatic conditions (e.g., 
AD pathology, aging, fractalkine signaling deficiency, 
and chronic stress) [60] and during normal brain devel-
opment; however, they are rare in healthy young adult 
mice. DM is morphologically characterized by disrupted 
mitochondria, dilation of the Golgi apparatus and endo-
plasmic reticulum, and cell shrinkage [61]. The electron 
density of DM could be attributed to the particular nature 
and distribution of their cytoplasmic and nucleoplas-
mic proteins and lipids, especially those with high affin-
ity for osmium tetroxide [62]. Alternatively, DM may be 

newly formed microglial cells yet to spread to their des-
ignated areas [63]. DM exhibit a highly activated pheno-
type with strong CD11b and TREM2 expression, as well 
as extensive encircling of synaptic clefts in the presence 
of amyloid deposits [64]. However, DM does not express 
CD11c. DM is involved in the pathological remodeling of 
neuronal circuits.

Proliferative-region‐associated microglia (PAM)
PAM [65] mainly occur in the developing corpus cal-
losum and cerebellar white matter during a transient 
period in the first postnatal week in aging and AD models 
[66]. PAM have amoeboid morphology, are metabolically 
active, and phagocytose newly formed oligodendrocytes. 
They share a characteristic gene signature with DAM 
[67]. However, unlike DAM, PAM appearance is inde-
pendent of the TREM2-APOE axis [67]. PAM express 
numerous trophic factors, including Igf1, secreted phos-
phoprotein 1(Spp1), Lgals1, and Lgals3, as well as dis-
tinct cytokine/chemokine secretion profiles, including 
Ccl3 and Ccl4. Accordingly, PAM may be predominant in 
areas showing myelination during development or in dys-
myelinating disorders.

White matter–associated microglia (WAMs) [68]
White matter (WM) primarily comprises myelinated 
axons connecting neurons in various brain regions. WM 
damage or abnormalities can occur in various neuronal 
diseases, including AD. After WM damage, microglia are 
activated to multiple forms depending on several condi-
tions, including their proximity to the lesion, location 
within the brain, and disease type. WM is rich in lipids 
and devoid of neuronal ligands that control microglial 
activity, including CX3CL1, CD47, and CD20040. WAMs 
partly share the DAM gene signature (Apoe, B2m, 
Lyz2, and Clec7a) and are characterized by the activa-
tion of genes implicated in phagocytic activity and lipid 
metabolism. WAMs are dependent on TREM2 signaling 
and aging. In aging, microglia activation appears to be 
shifted toward the WAM state, whereas in AD, the shift 
is toward DAMs. These findings suggest that WAM are 
precursors to DAM [69].

Activated response microglia (ARM)
Reactive microgliosis with neuroinflammation is a neuro-
pathological hallmark of the AD brain [70]. ARM com-
prise specialized subgroups that overexpress MHC type 
II and putative tissue repair genes (Dkk2, Gpnmb, and 
Spp1) and are strongly enriched with AD risk genes. 
There is a partial overlap between ARM and DAM; how-
ever, ARM are detected in the brains of young wild-type 
mice. Therefore, ARM could be found in the normal 
aging brain.
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Interferon-response microglia (IRM)
The interferon (IFN) pathway is exclusively activated in 
Clec7a + microglia concomitantly with the MGnD pro-
gram. Clec7a + microglia show increased expression of 
MHC I antigen (H2-D1), H2-K1, Tap1, Tap2, Tapbp, and 
B2m. Moreover, Clec7a + microglia upregulate IFN-stim-
ulated genes that function as costimulatory molecules, 
including Cd72, Cd180, and Cd274 (i.e., Pd-l1). IFN can 
directly activate microglia and induce a pro-inflamma-
tory response, which partially overlaps with, but is dis-
tinct from, the DAM/MGnD program. IRM express an 
IFN-related gene module and are increased in brains with 
β-amyloid pathology distinct from that of DAM cells 
[71].

Necroptotic microglia (NM)
NM are highly pro-inflammatory and immunogenic in 
AD. Necroptosis, which is a novel cell death pathway, 
was originally considered as dependent on the kinase 
RIPK1; however, it is now known to be dependent on 
RIPK3 and the mixed lineage kinase domain-like protein 
(MLKL) [72]. NM is among the key players in neuroin-
flammation and neurodegeneration [73]. However, it has 
been recently demonstrated that [74] necrosome forma-
tion may trigger a robust, cell death-independent, pro-
inflammatory response. Therefore, the role of NM in AD 
remains unclear.

Late-response microglia (LRM)
Hansruedi et al. reported that LRM are exclusively 
observed in the later AD stages in a mouse model (CK-
p25) [75]. There is a substantial similarity between 
the expression profiles of LRM and DAM. LRM show 
increased expression of numerous genes upregulated in 
DAM (e.g., Cd9, Itgax, Clec7a, Cd63, Spp1, Fth1, Axl, 
Lpl, Cst7, Ctsb, and Apoe). However, these two microglial 
states may be different because numerous antiviral and 
IFN response genes, including antiviral and interferon 
response genes, as well as MHC class II components [75], 
are significantly upregulated in LRM but not in DAM.

Dystrophic microglia
The term dystrophic is derived from morphological 
changes demonstrated by studies on brain sections. 
Microglial dystrophy appears to precede neurofibrillary 
degeneration. Although dystrophic microglia are fre-
quently identified in neurodegenerative diseases, includ-
ing AD, it remains unclear whether it has a causal role. 
Dystrophic microglia could induce impairment of neu-
ronal activity in both aging and diseased states probably 
because of store iron through elevated levels of ferritin 
[76]. Experts have found microglial dystrophy are the 
characterize neurodegenerative changes in AD, but not 
microglial activation [77].

In summary, redox imbalance in microglia plays a criti-
cal role in AD, and then microglia express different phe-
notypes. According to research findings [107], NADPH 
oxidase (NOX2) -mediated redox signalling modulates 
the acquisition of the classical or alternative microglia 
activation phenotypes by regulating major transcriptional 
programs mediated through nuclear factor-κB(NF-κB) 
and NF- E2 p45-related factor 2 (Nrf2). However, the 
activation patterns of pro-inflammatory “M1” or immu-
noregulatory “M2” phenotypes overlap. In the newly 
described microglial phenotypes, the LDAM transcrip-
tional signature showed almost no overlap with DAM, 
MGnD, and DM. Notably, typical aging genes, including 
AXL, CLEC7A, and CYBB, are regulated in a reciprocal 
direction in LDAM. Furthermore, TREM2 and APOE, 
which are crucially involved in the progression of neuro-
degeneration, were upregulated in DAM and MGnD but 
not in LDAM and PAM. PAM mirror the gene signature 
and function of DAM and MGnD subsets in disease con-
ditions; specifically, they are associated with the phago-
cytosis of newly formed and dying oligodendrocytes 
during normal post-natal development, as well as defec-
tive phagocytosis, high ROS levels, and secretion of pro-
inflammatory cytokines.

Additionally, DAM, ARMs, and dystrophic microglia 
can be discovered during the normal brain aging process. 
LDAM may be the primary detrimental microglia state in 
the aging brain. while DAM are actively phagocytic pop-
ulations, LDAM are severely impaired in this function. 
Further, the microglial phenotype is strongly associated 
with the disease course. Gene changes in microglia in the 
late AD stage are similar to those in DAM, IRM, LRM, 
while PAM mainly in the early AD stages. The microglial 
phenotypes may drastically change throughout AD pro-
gression or may be driven by diverse stimuli (see Table 2).

Microglia phenotypes are characterized by both 
molecular characteristics of microglia and increased or 
decreased expression of genes. These genetic changes 
promote the microglia phenotype transformation. These 
different phenotypes are likely to be continuous cell iden-
tities that can blend with each other. This indicates the 
need for tracking with fine temporal resolution to cap-
ture the full spectrum of microglia cell states.

Conclusion
Microglia are critically involved in maintaining normal 
brain function. But it remains unclear whether microg-
lia are beneficial, detrimental, or both in AD progres-
sion. Microglia are considered to have various reaction 
states, with a tremendous shift from the previously used 
M1/M2 classification. Although the M1 and M2 catego-
ries can allow conceptualization of microglia activities 
in vitro, microglia rarely display a significant bias toward 
either the M1 or M2 phenotype. During aging and in AD, 
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microglia acquire different phenotypes, which dependent 
on redox status. Restoration of redox balance may be 
determinant in driving microglia back to the resting state 
[108]. Accordingly, mastering the stage-specific switching 
of microglial phenotypes within appropriate time win-
dows may inform improved therapeutic strategies. How-
ever, it remains unclear how the transcriptional programs 
in microglia cells change over time as they transition 
from their initial homeostatic state in the healthy brain to 
the reactive phenotypes seen in neurodegeneration.
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