
Microglia in Brain Homeostasis and Neuroinflammation
Subjects: Immunology

Contributor: Carla Lopes

Neuroinflammation is a common hallmark in different neurodegenerative conditions that share neuronal dysfunction and a

progressive loss of a selectively vulnerable brain cell population. Alongside ageing and genetics, inflammation, oxidative

stress and mitochondrial dysfunction are considered key risk factors. Microglia are considered immune sentinels of the

central nervous system capable of initiating an innate and adaptive immune response. Nevertheless, the pathological

mechanisms underlying the initiation and spread of inflammation in the brain are still poorly described.
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1. Introduction

Neuroinflammation can be defined as a primary defensive response of the brain against noxious stimuli that compromise

the central nervous system (CNS) homeostasis . An initial inflammatory response induces beneficial effects by

promoting tissue repair and removing cellular debris. However, the beneficial outcomes can progress to deleterious

consequences when chronic inflammation persists, inhibiting the cellular capacity to regenerate. The inflammatory

response can endure due to endogenous factors, including genetic mutation or protein aggregation, or be triggered by

environmental factors, including infection, trauma and drugs, and can lead to neurodegeneration . Alterations in the

microenvironment of the CNS, as in neurodegenerative disorders, can trigger an activation of the microglia and, thus,

affect the development of neuronal networks and hasten the progress of the disease. The neuroinflammatory state linked

to neurodegeneration induces the sustained release of pro-inflammatory molecules, which results in synaptic dysfunction,

neuronal death and neurogenesis inhibition, leading to damage exacerbation . In this sense, neuroinflammation tends to

be a chronic process in which the persistence of nefarious stimuli is considered a driving force in the development of the

neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD) and

amyotrophic lateral sclerosis (ALS), among others .

Inflammation comprises a complex crosstalk between the brain and infiltrating peripheral immune cells and is

characterised by the production of (a) pro-inflammatory cytokines, namely, interleukin-1 beta (IL-1β), interleukin-6 (IL-6),

interleukin-18 (IL-18) and tumour necrosis factor (TNF); (b) chemokines, including C-C motif chemokine ligand 1 (CCL1),

CCL5 and C-X-C motif chemokine ligand 1 (CXCL1); (c) small-molecule messengers, such as prostaglandins and nitric

oxide (NO); and (d) reactive oxygen species (ROS), by innate immune cells in the CNS  The chronic neuroinflammation

is mediated by non-neuronal glial cells, including activated microglia and reactive astrocytes .

2. The Role of Microglia in Brain Homeostasis and Neuroinflammation

Microglia cells are ubiquitously distributed in the brain, functioning as the main innate immune cells with a key role in the

initial response to pathological insults. The main functions of microglia include (a) surveillance of the surrounding

environment in the CNS; (b) acting as physiological housekeepers, migrating to injured sites, remodelling synapses and

preserving myelin homeostasis; (c) protecting against nefarious stimulus, such as pathogen-associated molecular

patterns (PAMPs) and damage-associated molecular patterns (DAMPs), which are described in detail below . During

non-physiological conditions, including recognition of foreign pathogens or other adverse stimuli, microglia are activated

aiming to restore CNS homeostasis through the alteration in their secretory profile, morphology and phagocytic activity 

. On the other hand, chronic inflammation can be triggered or maintained when a pro-inflammatory state in microglia

is continuously activated, such as in response to primary neurodegeneration, axonal degeneration and processes linked

to macrophages-mediated systemic inflammation .

In response to stimuli, activated microglia upregulate inducible nitric oxide synthase (iNOS) expression and the release of

micromolar amounts of NO, and also cause the upregulation of NADPH oxidase (NOX) enzymes and subsequent

intracellular ROS formation . Under normal conditions, iNOS is not expressed in the brain. However, it can be

detected in astrocytes and microglia in response to pro-inflammatory cytokines and pathogen components, including
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lipopolysaccharide (LPS), promoting neurodegeneration . For several years, it was postulated that from a resting

state, microglia can be polarised in two directions. The classical activation of microglia was known as M1 state, in which

pro-inflammatory responses are predominant. An alternative microglial activation was known as M2, mainly responsible

for resolution and repair, and represents an anti-inflammatory phenotype .

While M1 microglia polarisation was characterised by an increase in the expression of pro-inflammatory molecules, M2

microglial activation was further divided into four subtypes, M2a, M2b, M2c and M2d . The M1 phenotype was

characterised by several markers of cell surface, including CD11b, CD16, CD32 and CD86, and displays the pro-

inflammatory response by expressing IL-1β, IL-6, IL-8 and TNF-α . On the other hand, the M2 phenotype was

characterised by other cell surface markers, including CD206, CD163 and arginase, and induces pro-inflammatory

responses by expressing IL-10, IL-4, IL-13 and TGF-β .

The M1–M2 paradigm of microglial activation is artificial and only convenient to simplify the research in the field; currently,

it is considered an oversimplified model that does not reflect the microglia complexity . Accordingly, several

microglia functions have been attributed considering their reaction through different phenotypes that are associated with

distinct molecular signatures . Moreover, microglia subtypes might display diverse intrinsic properties acquired

during maturation or as a consequence of functional specialisations within the CNS. The coexistence at steady state of

these subtypes allows them to undergo further modulation or phenotypic transformation in response to different stimuli 
. Microglia might constitute a community of cells in which different members have several properties performing

distinct physiological functions and responding differently to a particular stimulus . The heterogeneity of microglia is

related with several aspects, including temporospatial and gender-related differences regarding cellular origin,

colonisation, abundancy, morphology, mobility (i.e., migration) and motility (extension and/or retraction of the processes),

as well as gene expression, all of which ultimately reflect into diverse physiological and pathological functions . The

microglia morphology can be different in the presence of neuronal cell bodies, dendrites and axons, myelinated axons and

blood vessels . Under normal physiological conditions or after a stimulus (e.g., LPS), microglia show

differences in self-renewal and turnover rates . Using lipocortin 1 immunoreactivity as a brain-specific microglial

marker, Savchenko et al. demonstrated that microglial density was higher in the forebrain, lower in the midbrain and

lowest in the brainstem and cerebellum . A more recent study, using time-lapse in vivo imaging, confirmed differences

in the distribution and morphology between cerebellar and cortical microglia, with the latter having a higher microglial

density and ramification compared to their counterparts . However, the role of such microglia densities heterogeneity

across distinct regions or even in the same region of the CNS remains unclear.

In most brain regions, microglia cells have a normal ramified morphology with extended branches, although significant

variation in that morphology has been identified . Vela et al. investigated the morphology and distribution of microglia

in normal cerebellum of both young and adult mice through histochemical assays with nucleoside diphosphatase, a

microglial marker. Importantly, this study demonstrated that microglia could have different sizes and ramification patterns

not only within the same layer but also between different histological layers of the cerebellar cortex . In summary,

microglia, as a heterogeneous community of cells, can acquire different phenotypes which compromise important

functional properties. These distinct subpopulations can coexist in the same brain structures and generate a non-uniform

inflammatory response.

Strong evidence suggests that microglia are key regulators of inflammatory responses in neurodegenerative disorders,

such as AD, PD, HD and ALS, among others. The distinctive neuroinflammatory state of these diseases promotes the

continuous release of pro-inflammatory molecules that results in synaptic dysfunction, neuronal death and inhibition of

neurogenesis, creating a vicious circle that exacerbates the damage . Recently, a comprehensive single-cell RNA

analysis of brain immune cells revealed disease-associated microglia (DAM) in the context of AD . Several studies

have since demonstrated the existence of neurodegenerative disease-associated phenotype of reactive microglia in AD,

ALS and Frontotemporal Dementia (FTD) defined by a unique transcriptional and functional signature . Most of

these gene expression profiles were found in human genome-wide association studies (GWAS) associated with AD and

other neurodegenerative disorders . The DAM program is related to the expression of a subset of genes, such as

TREM2 (triggering receptor expressed on myeloid cells 2), essential for its activation. In fact, studies using mouse models

of neurodegenerative diseases deficient for TREM2 revealed that TREM2 signalling is essential for microglia to detect and

respond to the “neurodegeneration cues”. TREM2 loss of function on microglial gene expression is associated with an

increased risk for several neurodegenerative conditions, including AD, PD, ALS and FTD . In postmortem
substantia nigra and putamen brain tissue of sporadic PD, TNF-α, IL-1β, IL-6 and interferon-γ (IFN-γ) mRNAs levels are

increased when compared to healthy controls . In addition, in 6- hydroxy-dopamine (6-OHDA) treated mice, anti-

inflammatory molecules, such as IL-10, were decreased, while pro-inflammatory cytokines, including IL-1β, IL-6, TNFα

and IFN-ɣ, were upregulated . TNF-α is highly expressed in dopaminergic neurons from PD patients and can exert a
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deleterious effect during an inflammatory response, such as triggering apoptotic cell death . In rat hippocampal

neurons, IL-1β treatment for 24 h (3 ng/mL) induces synaptic loss, depending on the simultaneous activation of both pre-

and post-synaptic pathways . A recent study using RNA sequencing analysis of microglia from mouse models for

neurodegenerative disorders, namely, App  (AD), rTg4510 (tauopathy) and SOD1  (ALS) mice,

demonstrated a reduction in the homeostatic microglial genes, whereas the DAM-associated genes were upregulated

when compared to wild type (WT) . In the same study, the gene expression of microglia-specific markers

in postmortem brain tissue of early AD patients was also decreased, although the expression of DAM-related genes was

not upregulated . In the context of AD, another study demonstrated that the cerebral microcirculation participates in the

inflammatory process as mediator. In fact, AD patients’ brain microvessels release higher levels of pro-inflammatory

cytokines, such as TNF-α, IL-1β and IL-6, even under basal conditions, when compared to healthy control brains .

Importantly, anti-inflammatory cytokines, including IL-1 receptor antagonist, IL-4, IL-10 and IL-11, are also produced

during the neuroinflammation process and could be part of a sophisticated mechanism to counteract excessive

neuroinflammation . In this sense, cerebrospinal fluid (CSF) from AD patients showed higher levels of pro-

inflammatory, as well as anti-inflammatory cytokines, including eotaxin, IL-1ra, IL-4, IL-7, IL-8, IL-9, IL-10, IL-15,

granulocyte colony-stimulating factor (GCSF), monocyte chemotactic protein 1 (MCP1), TNF-α and platelet-derived

growth factor . Importantly, a negative correlation between disease progression and the levels of several cytokines,

such as IL-1β, IL-4, IL-6, IL-9, IL-17A, basic fibroblast growth factor, MCP1, IFN-γ and macrophage inflammatory proteins-

1β was reported in the same study . These effects might be dependent on the NLRP3 inflammasome activation since

NLRP3 knock-out (KO) APP/PS1 mice for NLRP3 demonstrated decreased caspase-1 and IL-1β levels in the brain,

enhanced amyloid-β (Aβ) clearance and were largely protected from spatial memory loss. Importantly, the microglia from

those mice were switched to an anti-inflammatory phenotype (M2), promoting a decrease in Aβ levels . The brain

autopsy of multiple sclerosis patients evidenced a decrease in the microglial expression of Purinergic Receptor P2Y12

(P2RY12), a homeostatic microglial marker, as well as a higher susceptibility to a more pro-inflammatory phenotype,

including the expression of phagocytic-related markers (macrosialin), antigen presentation markers (MHC class I and II

molecules and T lymphocyte activation antigen CD86) and proteins involved in the production of ROS (cytochrome b-245

light chain) .

Although it seems clear that different microglia phenotypes are involved in physiological and pathological processes, the

mechanisms involved in the regulation/activation of those different phenotypes remain unknown. It is likely that different

phenotypes may be switched on by different triggers. In the context of neurodegenerative disorders where mitochondrial

dysfunction is, alongside inflammation, one of the main hallmarks, it is conceivable that neuroinflammation could be

mediated by released pro-inflammatory components by mitochondria. Thus, further studies are warranted to investigate

not only the involvement of the different microglia phenotypes in physiological and pathological processes, such as

neuroinflammation, but also to better understand how microglia respond to DAMPs through the expression of various

immune receptors, including chemokine and pattern recognition receptors (PRRs), contributing to a gradual loss of

neuronal function.

References

1. Kwon, H.S.; Koh, S.H. Neuroinflammation in neurodegenerative disorders: The roles of microglia and astrocytes.
Transl. Neurodegener. 2020, 9, 42.

2. Lyman, M.; Lloyd, D.G.; Ji, X.; Vizcaychipi, M.P.; Ma, D. Neuroinflammation: The role and consequences. Neurosci.
Res. 2014, 79, 1–12.

3. Kempuraj, D.; Thangavel, R.; Yang, E.; Pattani, S.; Zaheer, S.; Santillan, D.A.; Santillan, M.K.; Zaheer, A. Dopaminergic
Toxin 1-Methyl-4-Phenylpyridinium, Proteins alpha-Synuclein and Glia Maturation Factor Activate Mast Cells and
Release Inflammatory Mediators. PLoS ONE 2015, 10, e0135776.

4. Takeda, S.; Sato, N.; Ikimura, K.; Nishino, H.; Rakugi, H.; Morishita, R. Increased blood-brain barrier vulnerability to
systemic inflammation in an Alzheimer disease mouse model. Neurobiol. Aging 2013, 34, 2064–2070.

5. Li, W.W.; Guo, T.Z.; Shi, X.; Sun, Y.; Wei, T.; Clark, D.J.; Kingery, W.S. Substance P spinal signaling induces glial
activation and nociceptive sensitization after fracture. Neuroscience 2015, 310, 73–90.

6. Leng, F.; Edison, P. Neuroinflammation and microglial activation in Alzheimer disease: Where do we go from here? Nat.
Rev. Neurol. 2021, 17, 157–172.

7. Nakahira, K.; Haspel, J.A.; Rathinam, V.A.; Lee, S.J.; Dolinay, T.; Lam, H.C.; Englert, J.A.; Rabinovitch, M.; Cernadas,
M.; Kim, H.P.; et al. Autophagy proteins regulate innate immune responses by inhibiting the release of mitochondrial
DNA mediated by the NALP3 inflammasome. Nat. Immunol. 2011, 12, 222–230.

[56]

[57]

NL-G-F/NL-G-F G93A

[58]

[58]

[59]

[60][61][62]

[63]

[63]

[64]

[65]



8. De Biase, L.M.; Schuebel, K.E.; Fusfeld, Z.H.; Jair, K.; Hawes, I.A.; Cimbro, R.; Zhang, H.Y.; Liu, Q.R.; Shen, H.; Xi,
Z.X.; et al. Local Cues Establish and Maintain Region-Specific Phenotypes of Basal Ganglia Microglia. Neuron 2017,
95, 341–356.e346.

9. Henkel, J.S.; Engelhardt, J.I.; Siklos, L.; Simpson, E.P.; Kim, S.H.; Pan, T.; Goodman, J.C.; Siddique, T.; Beers, D.R.;
Appel, S.H. Presence of dendritic cells, MCP-1, and activated microglia/macrophages in amyotrophic lateral sclerosis
spinal cord tissue. Ann. Neurol. 2004, 55, 221–235.

10. Jesudasan, S.J.B.; Gupta, S.J.; Churchward, M.A.; Todd, K.G.; Winship, I.R. Inflammatory Cytokine Profile and
Plasticity of Brain and Spinal Microglia in Response to ATP and Glutamate. Front. Cell. Neurosci. 2021, 15, 634020.

11. Shaked, I.; Porat, Z.; Gersner, R.; Kipnis, J.; Schwartz, M. Early activation of microglia as antigen-presenting cells
correlates with T cell-mediated protection and repair of the injured central nervous system. J. Neuroimmunol. 2004,
146, 84–93.

12. Conde, J.R.; Streit, W.J. Effect of aging on the microglial response to peripheral nerve injury. Neurobiol. Aging 2006,
27, 1451–1461.

13. Battista, D.; Ferrari, C.C.; Gage, F.H.; Pitossi, F.J. Neurogenic niche modulation by activated microglia: Transforming
growth factor beta increases neurogenesis in the adult dentate gyrus. Eur. J. Neurosci. 2006, 23, 83–93.

14. Venkatesan, C.; Chrzaszcz, M.; Choi, N.; Wainwright, M.S. Chronic upregulation of activated microglia immunoreactive
for galectin-3/Mac-2 and nerve growth factor following diffuse axonal injury. J. Neuroinflamm. 2010, 7, 32.

15. Bido, S.; Muggeo, S.; Massimino, L.; Marzi, M.J.; Giannelli, S.G.; Melacini, E.; Nannoni, M.; Gambare, D.; Bellini, E.;
Ordazzo, G.; et al. Microglia-specific overexpression of alpha-synuclein leads to severe dopaminergic
neurodegeneration by phagocytic exhaustion and oxidative toxicity. Nat. Commun. 2021, 12, 6237.

16. Zrzavy, T.; Hoftberger, R.; Berger, T.; Rauschka, H.; Butovsky, O.; Weiner, H.; Lassmann, H. Pro-inflammatory
activation of microglia in the brain of patients with sepsis. Neuropathol. Appl. Neurobiol. 2019, 45, 278–290.

17. Moss, D.W.; Bates, T.E. Activation of murine microglial cell lines by lipopolysaccharide and interferon-gamma causes
NO-mediated decreases in mitochondrial and cellular function. Eur. J. Neurosci. 2001, 13, 529–538.

18. Huo, Y.; Rangarajan, P.; Ling, E.A.; Dheen, S.T. Dexamethasone inhibits the Nox-dependent ROS production via
suppression of MKP-1-dependent MAPK pathways in activated microglia. BMC Neurosci. 2011, 12, 49.

19. Mander, P.; Brown, G.C. Activation of microglial NADPH oxidase is synergistic with glial iNOS expression in inducing
neuronal death: A dual-key mechanism of inflammatory neurodegeneration. J. Neuroinflamm. 2005, 2, 20.

20. Zhang, G.; He, J.L.; Xie, X.Y.; Yu, C. LPS-induced iNOS expression in N9 microglial cells is suppressed by geniposide
via ERK, p38 and nuclear factor-kappaB signaling pathways. Int. J. Mol. Med. 2012, 30, 561–568.

21. Wen, X.; Xiao, L.; Zhong, Z.; Wang, L.; Li, Z.; Pan, X.; Liu, Z. Astaxanthin acts via LRP-1 to inhibit inflammation and
reverse lipopolysaccharide-induced M1/M2 polarization of microglial cells. Oncotarget 2017, 8, 69370–69385.

22. Cui, W.; Sun, C.; Ma, Y.; Wang, S.; Wang, X.; Zhang, Y. Inhibition of TLR4 Induces M2 Microglial Polarization and
Provides Neuroprotection via the NLRP3 Inflammasome in Alzheimer’s Disease. Front. Neurosci. 2020, 14, 444.

23. Zhang, H.; Li, Y.; Yu, J.; Guo, M.; Meng, J.; Liu, C.; Xie, Y.; Feng, L.; Xiao, B.; Ma, C. Rho kinase inhibitor fasudil
regulates microglia polarization and function. Neuroimmunomodulation 2013, 20, 313–322.

24. Ghosh, M.; Xu, Y.; Pearse, D.D. Cyclic AMP is a key regulator of M1 to M2a phenotypic conversion of microglia in the
presence of Th2 cytokines. J. Neuroinflamm. 2016, 13, 9.

25. Casella, G.; Garzetti, L.; Gatta, A.T.; Finardi, A.; Maiorino, C.; Ruffini, F.; Martino, G.; Muzio, L.; Furlan, R. IL4 induces
IL6-producing M2 macrophages associated to inhibition of neuroinflammation in vitro and in vivo. J. Neuroinflamm.
2016, 13, 139.

26. Xie, Y.; Guo, H.; Wang, L.; Xu, L.; Zhang, X.; Yu, L.; Liu, Q.; Li, Y.; Zhao, N.; Zhao, N.; et al. Human albumin attenuates
excessive innate immunity via inhibition of microglial Mincle/Syk signaling in subarachnoid hemorrhage. Brain Behav.
Immun. 2017, 60, 346–360.

27. You, W.; Wang, Z.; Li, H.; Shen, H.; Xu, X.; Jia, G.; Chen, G. Inhibition of mammalian target of rapamycin attenuates
early brain injury through modulating microglial polarization after experimental subarachnoid hemorrhage in rats. J.
Neurol. Sci. 2016, 367, 224–231.

28. Li, R.; Liu, W.; Yin, J.; Chen, Y.; Guo, S.; Fan, H.; Li, X.; Zhang, X.; He, X.; Duan, C. TSG-6 attenuates inflammation-
induced brain injury via modulation of microglial polarization in SAH rats through the SOCS3/STAT3 pathway. J.
Neuroinflamm. 2018, 15, 231.

29. Morganti, J.M.; Riparip, L.K.; Rosi, S. Call Off the Dog(ma): M1/M2 Polarization Is Concurrent following Traumatic Brain
Injury. PLoS ONE 2016, 11, e0148001.



30. Chiu, I.M.; Morimoto, E.T.; Goodarzi, H.; Liao, J.T.; O’Keeffe, S.; Phatnani, H.P.; Muratet, M.; Carroll, M.C.; Levy, S.;
Tavazoie, S.; et al. A neurodegeneration-specific gene-expression signature of acutely isolated microglia from an
amyotrophic lateral sclerosis mouse model. Cell Rep. 2013, 4, 385–401.

31. Xue, J.; Schmidt, S.V.; Sander, J.; Draffehn, A.; Krebs, W.; Quester, I.; De Nardo, D.; Gohel, T.D.; Emde, M.;
Schmidleithner, L.; et al. Transcriptome-based network analysis reveals a spectrum model of human macrophage
activation. Immunity 2014, 40, 274–288.

32. Stratoulias, V.; Venero, J.L.; Tremblay, M.E.; Joseph, B. Microglial subtypes: Diversity within the microglial community.
EMBO J. 2019, 38, e101997.

33. Ajami, B.; Samusik, N.; Wieghofer, P.; Ho, P.P.; Crotti, A.; Bjornson, Z.; Prinz, M.; Fantl, W.J.; Nolan, G.P.; Steinman, L.
Single-cell mass cytometry reveals distinct populations of brain myeloid cells in mouse neuroinflammation and
neurodegeneration models. Nat. Neurosci. 2018, 21, 541–551.

34. Du, R.H.; Sun, H.B.; Hu, Z.L.; Lu, M.; Ding, J.H.; Hu, G. Kir6.1/K-ATP channel modulates microglia phenotypes:
Implication in Parkinson’s disease. Cell Death Dis. 2018, 9, 404.

35. Furube, E.; Kawai, S.; Inagaki, H.; Takagi, S.; Miyata, S. Brain Region-dependent Heterogeneity and Dose-dependent
Difference in Transient Microglia Population Increase during Lipopolysaccharide-induced Inflammation. Sci. Rep. 2018,
8, 2203.

36. Tan, Y.L.; Yuan, Y.; Tian, L. Microglial regional heterogeneity and its role in the brain. Mol. Psychiatry 2020, 25, 351–
367.

37. Askew, K.; Li, K.; Olmos-Alonso, A.; Garcia-Moreno, F.; Liang, Y.; Richardson, P.; Tipton, T.; Chapman, M.A.; Riecken,
K.; Beccari, S.; et al. Coupled Proliferation and Apoptosis Maintain the Rapid Turnover of Microglia in the Adult Brain.
Cell Rep. 2017, 18, 391–405.

38. Tay, T.L.; Mai, D.; Dautzenberg, J.; Fernandez-Klett, F.; Lin, G.; Sagar; Datta, M.; Drougard, A.; Stempfl, T.; Ardura-
Fabregat, A.; et al. A new fate mapping system reveals context-dependent random or clonal expansion of microglia.
Nat. Neurosci. 2017, 20, 793–803.

39. Savchenko, V.L.; Nikonenko, I.R.; Skibo, G.G.; McKanna, J.A. Distribution of microglia and astrocytes in different
regions of the normal adult rat brain. Neurophysiology 1997, 29, 343–351.

40. Stowell, R.D.; Wong, E.L.; Batchelor, H.N.; Mendes, M.S.; Lamantia, C.E.; Whitelaw, B.S.; Majewska, A.K. Cerebellar
microglia are dynamically unique and survey Purkinje neurons in vivo. Dev. Neurobiol. 2018, 78, 627–644.

41. Takagi, S.; Furube, E.; Nakano, Y.; Morita, M.; Miyata, S. Microglia are continuously activated in the circumventricular
organs of mouse brain. J. Neuroimmunol. 2019, 331, 74–86.

42. Vela, J.M.; Dalmau, I.; Gonzalez, B.; Castellano, B. Morphology and distribution of microglial cells in the young and
adult mouse cerebellum. J. Comp. Neurol. 1995, 361, 602–616.

43. Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, T.K.; David, E.; Baruch, K.;
Lara-Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s
Disease. Cell 2017, 169, 1276–1290.e1217.

44. Lopes, K.P.; Snijders, G.J.L.; Humphrey, J.; Allan, A.; Sneeboer, M.A.M.; Navarro, E.; Schilder, B.M.; Vialle, R.A.;
Parks, M.; Missall, R.; et al. Genetic analysis of the human microglial transcriptome across brain regions, aging and
disease pathologies. Nat. Genet. 2022, 54, 4–17.

45. Andersen, M.S.; Bandres-Ciga, S.; Reynolds, R.H.; Hardy, J.; Ryten, M.; Krohn, L.; Gan-Or, Z.; Holtman, I.R.;
Pihlstrom, L. International Parkinson’s Disease Genomics. C. Heritability Enrichment Implicates Microglia in
Parkinson’s Disease Pathogenesis. Ann. Neurol. 2021, 89, 942–951.

46. International Multiple Sclerosis Genetics Consortium. Multiple sclerosis genomic map implicates peripheral immune
cells and microglia in susceptibility. Science 2019, 365, aav7188.

47. Lambert, J.C.; Ibrahim-Verbaas, C.A.; Harold, D.; Naj, A.C.; Sims, R.; Bellenguez, C.; DeStafano, A.L.; Bis, J.C.;
Beecham, G.W.; Grenier-Boley, B.; et al. Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for
Alzheimer’s disease. Nat. Genet. 2013, 45, 1452–1458.

48. Lee, C.Y.D.; Daggett, A.; Gu, X.; Jiang, L.L.; Langfelder, P.; Li, X.; Wang, N.; Zhao, Y.; Park, C.S.; Cooper, Y.; et al.
Elevated TREM2 Gene Dosage Reprograms Microglia Responsivity and Ameliorates Pathological Phenotypes in
Alzheimer’s Disease Models. Neuron 2018, 97, 1032–1048.e1035.

49. Borroni, B.; Ferrari, F.; Galimberti, D.; Nacmias, B.; Barone, C.; Bagnoli, S.; Fenoglio, C.; Piaceri, I.; Archetti, S.;
Bonvicini, C.; et al. Heterozygous TREM2 mutations in frontotemporal dementia. Neurobiol. Aging 2014, 35, 934.e7–
934.e10.



50. Rayaprolu, S.; Mullen, B.; Baker, M.; Lynch, T.; Finger, E.; Seeley, W.W.; Hatanpaa, K.J.; Lomen-Hoerth, C.; Kertesz,
A.; Bigio, E.H.; et al. TREM2 in neurodegeneration: Evidence for association of the p.R47H variant with frontotemporal
dementia and Parkinson’s disease. Mol. Neurodegener. 2013, 8, 19.

51. Wang, Y.; Cella, M.; Mallinson, K.; Ulrich, J.D.; Young, K.L.; Robinette, M.L.; Gilfillan, S.; Krishnan, G.M.; Sudhakar, S.;
Zinselmeyer, B.H.; et al. TREM2 lipid sensing sustains the microglial response in an Alzheimer’s disease model. Cell
2015, 160, 1061–1071.

52. Cady, J.; Koval, E.D.; Benitez, B.A.; Zaidman, C.; Jockel-Balsarotti, J.; Allred, P.; Baloh, R.H.; Ravits, J.; Simpson, E.;
Appel, S.H.; et al. TREM2 variant p.R47H as a risk factor for sporadic amyotrophic lateral sclerosis. JAMA Neurol.
2014, 71, 449–453.

53. Walker, D.G.; Lue, L.F.; Serrano, G.; Adler, C.H.; Caviness, J.N.; Sue, L.I.; Beach, T.G. Altered Expression Patterns of
Inflammation-Associated and Trophic Molecules in Substantia Nigra and Striatum Brain Samples from Parkinson’s
Disease, Incidental Lewy Body Disease and Normal Control Cases. Front. Neurosci. 2015, 9, 507.

54. Sawada, M.; Imamura, K.; Nagatsu, T. Role of cytokines in inflammatory process in Parkinson’s disease. J. Neural
Transm. Suppl. 2006, 70, 373–381.

55. Na, S.J.; DiLella, A.G.; Lis, E.V.; Jones, K.; Levine, D.M.; Stone, D.J.; Hess, J.F. Molecular profiling of a 6-
hydroxydopamine model of Parkinson’s disease. Neurochem. Res. 2010, 35, 761–772.

56. Mogi, M.; Togari, A.; Kondo, T.; Mizuno, Y.; Komure, O.; Kuno, S.; Ichinose, H.; Nagatsu, T. Caspase activities and
tumor necrosis factor receptor R1 (p55) level are elevated in the substantia nigra from parkinsonian brain. J. Neural
Transm. 2000, 107, 335–341.

57. Mishra, A.; Kim, H.J.; Shin, A.H.; Thayer, S.A. Synapse loss induced by interleukin-1beta requires pre- and post-
synaptic mechanisms. J. Neuroimmune Pharmacol. 2012, 7, 571–578.

58. Sobue, A.; Komine, O.; Hara, Y.; Endo, F.; Mizoguchi, H.; Watanabe, S.; Murayama, S.; Saito, T.; Saido, T.C.; Sahara,
N.; et al. Microglial gene signature reveals loss of homeostatic microglia associated with neurodegeneration of
Alzheimer’s disease. Acta Neuropathol. Commun. 2021, 9, 1.

59. Grammas, P.; Ovase, R. Inflammatory factors are elevated in brain microvessels in Alzheimer’s disease. Neurobiol.
Aging 2001, 22, 837–842.

60. Vogelzangs, N.; Duivis, H.E.; Beekman, A.T.; Kluft, C.; Neuteboom, J.; Hoogendijk, W.; Smit, J.H.; de Jonge, P.;
Penninx, B.W. Association of depressive disorders, depression characteristics and antidepressant medication with
inflammation. Transl. Psychiatry 2012, 2, e79.

61. MacDowell, K.S.; Garcia-Bueno, B.; Madrigal, J.L.; Parellada, M.; Arango, C.; Mico, J.A.; Leza, J.C. Risperidone
normalizes increased inflammatory parameters and restores anti-inflammatory pathways in a model of
neuroinflammation. Int. J. Neuropsychopharmacol. 2013, 16, 121–135.

62. Galatro, T.F.; Holtman, I.R.; Lerario, A.M.; Vainchtein, I.D.; Brouwer, N.; Sola, P.R.; Veras, M.M.; Pereira, T.F.; Leite,
R.E.P.; Moller, T.; et al. Transcriptomic analysis of purified human cortical microglia reveals age-associated changes.
Nat. Neurosci. 2017, 20, 1162–1171.

63. Taipa, R.; das Neves, S.P.; Sousa, A.L.; Fernandes, J.; Pinto, C.; Correia, A.P.; Santos, E.; Pinto, P.S.; Carneiro, P.;
Costa, P.; et al. Proinflammatory and anti-inflammatory cytokines in the CSF of patients with Alzheimer’s disease and
their correlation with cognitive decline. Neurobiol. Aging 2019, 76, 125–132.

64. Heneka, M.T.; Kummer, M.P.; Stutz, A.; Delekate, A.; Schwartz, S.; Vieira-Saecker, A.; Griep, A.; Axt, D.; Remus, A.;
Tzeng, T.C.; et al. NLRP3 is activated in Alzheimer’s disease and contributes to pathology in APP/PS1 mice. Nature
2013, 493, 674–678.

65. Zrzavy, T.; Hametner, S.; Wimmer, I.; Butovsky, O.; Weiner, H.L.; Lassmann, H. Loss of ‘homeostatic’ microglia and
patterns of their activation in active multiple sclerosis. Brain 2017, 140, 1900–1913.

Retrieved from https://encyclopedia.pub/entry/history/show/63523


