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Abstract 
At the frontier between immunology and neuroscience, microglia, the enigmatic macrophages of the brain, have generated, in recent years, 
increasing interest. In response to even minor pathological changes in the brain, these extremely versatile glial cells occasionally enter in 
an over-activating state and produce pro-inflammatory cytokines and free radicals, thereby contributing directly to neuroinflammation and 
various brain disorders. This review provides an analysis of the latest developments in the microglia field, considering the important new 
research that illustrate their involvement in brain related diseases. 
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 Introduction 

Highly controversial, microglia (Greek “micros” – 
small), the brain immune defense line, is now in the 
center of heated debate among researchers in neuroscience. 

Ignored for almost a century, as passive cells, with 
well-defined attributions [1], the microglia is today re-
evaluated. The microglia popularity has greatly increased 
in the last decade after their obvious implication in 
healthy brain plasticity and functions [2], developmental 
disorders and neurodegenerative diseases [1]. They are 
even regarded as promoters, “wonder cells” that have 
the potential to bridge the gap between neuroscience, 
biological psychiatry, psychology and psychoanalysis [3]; 
therefore, a multitude of studies have been conducted in 
this direction [1]. 

Provided with an extraordinary ability to modify their 
phenotype and consequently to exhibit a remarkable 
array of morphologies and behaviors in response to 
environmental stimuli [4], these “vigilant soldiers of the 
brain”, are constantly patrolling for any sort of cellular 
invader [5]. Their activity is enhanced by the synergistic 
action of extrinsic macrophages located in the cortical 
perivascular spaces [4]. 

The third major glial population, microglial cells are 
ubiquitously distributed in central nervous system (CNS), 
being the first elements that react to the pathophysiological 
stimuli; thus, they participate in all brain pathologies, 
either chronic or acute [6]. In response to these different 
triggers, microglia change shape, motility, expression of 
innate and adaptive immune molecules and function; they 
release various cytokines, chemokines, reactive oxygen 
species, prostaglandin metabolites [6], bringing a major 
and direct contribution to neuroinflammation and thereby 
promoting neurodegeneration (the basis for all neuro-
degenerative disorders). 

Microglia phenotypic versatility is associated with 
another intriguing feature: the “double-edged sword” role; 
this ambivalence is manifested either by a beneficial 
activity: inactivation of the inflammatory response and 
tissue repair [release of protective factors, e.g., brain-
derived neurotrophic factor (BDNF)] or a detrimental one, 
by the continuously perpetuation of the inflammation 
(secretion of maladaptive factors, e.g., tumor necrosis 
factor – TNF) [3, 7]. However, the exact scenario under 
what activated microglia dichotomycal roles (both neuro-
protective and neurotoxic) are emphasized in neuro-
inflammation and what promotes their transformation, 
remain unknown [8, 9]. 

 History 

Microglia were first described in 1899 by Nissl, who 
distinguished them from other neural components due to 
the shape of their nuclei, which are flattened [10]. Since 
in routine stains (Hematoxylin–Eosin, HE) the other 
types of cortical cells have spherical or oval nuclei, the 
microglial appearance is characteristic. Small and hyper-
chromatic, the nuclei are arranged along the long axis  
of the cell, under the form of a “rod”; in histological 
sections, a difficult differential diagnostic need to be 
made with tangential or frontal sections of endothelial 
cells, but these latter cells nuclei are rounder and enlarged 
[11]. 

The definitive identification and characterization of 
microglia were done early in the last century (1920) by 
del Río-Hortega and Penfield, using a silver carbonate 
staining technique [1, 10]. By this method, the dendritic 
processes of microglia (short, irregular, extending from 
both poles of the elongated soma) were uncloaked [10, 
12]. Many of del Río-Hortega descriptions of microglia 
are used even today, comprising the process of activation 
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(i.e., the morphological change in cellular phenotype 
during stimulation) [1]. 

 Origin and development 

A century after microglia was discovered, the nature 
and origin of these cells still remain elusive, so further 
research is needed to completely elucidate the lineage 
and the mechanisms involved in their replacement [4, 
13, 14]. 

There is agreement upon the fact that microglia 
belong to the macrophage-mononuclear system, being 
the only glial cells of mesoderm origin [1–4, 7, 11, 12]. 
Yet, different types of cells (e.g., pericytes) and various 
subpopulations of macrophages (meningeal, perivascular) 
were until today incriminated as possible sources for 
microglia [13]. 

However, very recent data [14] converged to one 
single theory: microglia origin is unique, the cells 
provenance being the mesoderm tissue of yolk sac in the 
first weeks of early gestation. These embryonic cells, 
named fetal macrophages, will colonize the brain before 
the closure of the blood-brain barrier (BBB), forming a 
steady state population, with self-renewal capacity, that 
will be preserve by proliferation in situ throughout adult-
hood [7, 13, 14]. 

In brain parenchyma upon CNS insult, there is the 
possibility that circulating monocytes (hematogenous 
macrophages), which can trespass the either intact or 
injured BBB, to be recruited by the chemokines and 
cytokines released by activated microglia/astrocytes, 
representing a replenishing mechanism in case of 
massive depletion of microglia cells [13, 15]. 

Nevertheless, it is still unknown whether the reactive 
microgliosis – hallmark of many CNS pathologies – 
implies a local hyperplasia of mature microglia or is 
achieved by recruitment of blood bone-marrow derived 
precursors [14]. 

Other sources for replenishing the stock of microglia 
are taken now into consideration, because of the in vitro 
studies; however, these sources are still controversial: are 
immature forms of both embryonic stem cells (ESCs) 
and “induced pluripotent stem cell” (iPSC) capable of 
transforming into microglial cells? [14, 16] or, do adult 
glioblasts have the ability to differentiate in phagocytes, 
when stimulated? [17]. 

Studies focused on embryonic-derived microglial 
progenitors provide valuable data regarding the impact 
of impaired microglial development on the functional 
vulnerability of CNS, but also furnish novel therapeutic 
orientation in brain inflammatory diseases [14]. 

Fetal macrophages 

Besides their occurrence before the onset of monocyte 
production by the fetal liver, another specific feature of 
fetal primitive macrophages is their rapid blood transit 
(i.e., without passing through the stages of promonocyte 
and monocyte [18]) towards the developing brain; parti-
cularly, they also become a brain resident population, 
contrarily to ordinary macrophages which travel in the 
blood stream towards different regions of the body, as 
required [2]. In the CNS, the microglial precursors 
proliferate in situ and cluster within distinct anatomical 

regions (hippocampus, olfactory telencephalon, basal 
ganglia and substantia nigra), regarded as “hot spots” 
possibly related to the development of neural circuits 
[14, 19]. They act as a source of continuous microglial 
progenitors, exhibiting a potent proliferative response to 
mitogenic stimulation [4, 14, 19]. At this early stage, 
microglial progenitors display a motile amoeboid pheno-
type, characterized by the expression of ionized calcium 
binding adapter molecule 1 (Iba1), cluster of differenti-
ation molecules (CD68, CD45) and major histocompa-
tibility complex (MHC) molecules class II [14]; these 
embryonic cells begin a long differentiation process during 
neonatal development which results in the formation of 
fully-matured microglia [15]. Numerous studies in the 
90’s [1] demonstrated that these precursors, which already 
in early gestation express markers and mature functions, 
rapidly differentiate into typical macrophages as they infil-
trate into the developing nervous tissues [14]. Differentiation 
implies, in the first stage, the development of partially 
ramified microglia and then, the formation of branched 
microglia with characteristic resting state surface molecules 
[4] in close relationship with neurons and other glia types 
[15]. 

Microglial embryonic cells showing an amoeboidal 
form go through alternative cycles of migration/mitosis, 
both mechanisms contributing to their spread. Thus, if in 
anaphase and early telophase they retain their amoeboid 
appearance, in early prophase and late telophase they 
develop branches, receiving the typical migration cell 
morphology; the mitotic spindle of dividing cells has 
different orientations, that will influence the course of 
subsequent migration. A very important finding concerns 
the proliferation rate of microglia that decreases with the 
development of cerebral cortex [20]. However, the vast 
majority of microglial cells in the brain remains at this 
undifferentiated stage [4, 14] as their ability to proliferate is 
essential for replacing senescent or injured elements [4]. 

During fetal development, microglial colonization of 
the CNS is linked to the maturation of the nervous system 
itself; this process follows the route of the white matter 
and runs parallel to the development of vascularization and 
radial glia [which are both coordinated by the temporo-
spatial regulation of cortical β-chemokines RANTES 
(regulated upon activation normal T-cell expressed and 
presumably secreted, aka CCL5) and monocyte chemo-
tactic protein-1 (MCP-1) expression] [21]; neuronal migra-
tion and myelination are also simultaneous to microglial 
colonization [22]. 

In the adult brain, microglia form a persistent cells 
community that monitor their individual territory and are 
capable of self-renewal; resting microglia have a low 
mitotic rate, they quietly circle, tap and pruning synapses, 
whereas in activation states, cells present high rates of 
proliferation, fight invaders or pile of debris [2]. 

Hematogenous macrophages 

The stable pool of resident microglia can be supple-
mented or replaced to some extent by the recruitment of 
monocytes; this phenomenon happens later in develop-
mental stages and is generally subsequent to a CNS injury 
[2, 23]. Still, it has to be elucidated if hematogenous 
macrophages persist until the senescence, gradually 
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differentiating to microglial morphology and functions 
[15], or they will return into the circulation, being just a 
temporary addition to the endogenous population [14]. 
If they can fulfill all the roles of microglia or even better 
if they have a selective advantage over these resident 
glial cells, it is not precisely known [14]. However, this 
kind of macrophages are morphologically and functionally 
distinct from microglia (which have a different origin, are 
much more regulated, have accurate immune responses 
and specific territories) [23]. It is thought that beside 
their possible replenishing role, they may be predominantly 
beneficial in wound healing or they can be used as 
therapeutic resources [4]. 

Anyway, these two distinct microglia populations 
display heterogeneous innate features and release various 
types and amount of cytokines; therefore, their impact on 
neurons might be different and this interaction between 
microglia and neurons is still under research [15]. 

 Identification 

Over the time, different histological methods were 
designed, enabling a better identification of microglia: the 
current HE (sometimes rendering the nuclei incons-
picuous [11]), special staining procedures [e.g., Luxol 
blue (Figure 1) and Kluvel–Barrera stains, Toluidine 
blue, Methylene blue [11] – which can individualize the 
cell body and processes], the classic but still effective 
metallic impregnation methods [Golgi, Holmes (Figure 2), 
del Río-Hortega method – using silver carbonate, Ramón 
y Cajal method – using gold chloride (Figure 3), Weil–
Davenport (Figure 4) or Kelemen (Figure 5) methods], 
lectin histochemical procedures (using isolectin-B4), or 
the up to date immunohistochemical (IHC) techniques, 
which employ numerous monoclonal (Figure 6) and poly-

clonal antibodies; these latter procedures, by the use of 
specific antibodies enable the recognition of specific 
epitopes (e.g., monoclonal antibodies ED1 – directed 
against monocytes/macrophages and ED2 – directed against 
macrophages/perivascular cells, OX-6 – directed against 
MHC class II antigens, OX-18 – directed against MHC 
class I antigens, OX-35 – recognizing an epitope of rat CD4 
antigen and shown to cross-react with microglial cells 
[18], antibodies 5-D-4, anti-β-tubulin, Hoechst 33 342 
[11]), and therefore react with surface markers [24]; anti-
bodies against interleukin (IL) IL-1α are almost specific 
for activated microglia, while labeling none or very few 
resting microglia [4]; antibodies against Iba1 are reliable 
markers for both resting and activated microglia [4]; 
anti-ferritin antibodies immunolabel a degenerative or 
dystrophic subset of microglia that expresses ferritin [4]. 
The presence of phagosomes containing foreign matter 
(degenerative neurons, fatty bodies) also enable a rapid 
identification of microglial cells, either in light (Figures 7 
and 8) or electronic microscopy [25]. 

Latest techniques are represented by fluorescent 
markers [Fluoro-Gold or fluorescently labeled lectin, 
FITC-IB4 (isolectin B4-fluorescein isothiocyanate)], 
which label the CNS transplanted microglial cells and 
enable a two weeks tracking of their evolution) [26]. 
Recently, the use of positron emission tomography (PET)-
based techniques with 11C-labeled compounds or mito-
chondrial 18-kDa translocator protein – TP-18 (peripheral 
benzodiazepine receptor) – rendered the direct visualiza-
tion of phenotypically activated microglial cells possible. 
Moreover, by the in vivo two-photon imaging techniques, 
microglia can be observed in real time, continuously 
extending and retracting processes into the adjacent tissue 
every few hours, as they survey the entire brain [27]. 

 

Figure 1 – Luxol fast blue stain (×20); healthy brain 
parenchyma. 

Figure 2 – Metallic impregnations, Holmes method 
(×20); healthy brain parenchyma. 

 

Figure 3 – Metallic impregnation, Ramón y Cajal method 
(×40); healthy brain parenchyma. 

Figure 4 – Metallic impregnations, Weil–Davenport 
method (×40); healthy brain parenchyma. 
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Figure 5 – Metallic impregnations, Kelemen method 
(×40); healthy brain parenchyma. 

Figure 6 – IHC CD68 (clone KP1 – Abcam) (×100); 
lesional brain: area surrounding ischemic stroke. 

 

Figure 7 – Kluvel–Barrera method (×100); lesional brain: 
area from ischemic stroke, microglial cells with cyto-
plasmic inclusions. 

Figure 8 – IHC CD68 (clone KP1 – Abcam) (×400); 
lesional brain: area from ischemic stroke, microglial 
cells with cytoplasmic inclusions. 

 

 Immunophenotypes and neuron–
microglia interactions 

Microglia act as professional phagocytes of the CNS 
by the expression of numerous phagocytic receptors, as 
well as a large variety of immune-related molecules and 
antigens [28]; some of these molecules are used for 
microglia immunolabeling in histological sections [10]. 
However, resting microglia maintain a low or even 
undetectable level of immune products (pattern recognition 
receptors – PRRs, major histocompatibility complex 
molecules and chemokine receptors), and initiate the 
immune responses only when stimulated [1, 4, 7, 29]; 
therefore, in this state, microglial cells are considered 
non-professional antigen-presenting cells (APCs) [23, 28, 
29]. During microglial activation, there is an upregulation 
of immunologically relevant molecules and an increased 
production of inflammatory mediators [29]. Thus, the 
microglial immunophenotype expresses surface markers 
characteristic for both macrophages [macrophage antigen 
complex (MAC-1+, MAC-3+), F4/80+] and APCs 
(MHC-II molecules, marginal levels of MHC-I, surface 
markers: CD45+, CD44+, CD54+, CD86, CD11a). 
Typically, microglia represent the only resident cellular 
population in the mature cortex that express the key 
immunoregulatory molecule CD45 (also known as 
leukocyte common antigen), at constant level during the 
neonatal period [30]. CD45 deficiency is a feature found 
in Alzheimer’s disease (AD), leading to cerebral 

accumulation of neurotoxic beta amyloid (Aβ) oligomers; 
this finding imposes CD45-mediated microglial clearance 
of oligomeric Aβ as a novel AD therapeutic target [31]. 
GPR17 (orphan G protein-coupled receptor), a recently 
deorphanized receptor for both uracil nucleotides and 
cysteinyl leukotriene receptor 1), another pathological 
marker, activated upon brain injury on several embryonic 
distinct cell types (normally present only on neurons and 
on a subset of quiescent oligodendrocyte precursor cells), 
serves for remodeling of brain circuits by microglia 
during stroke and for inducing neuronal death inside the 
ischemic core [32]. In terms of biochemical activity, 
another marker is α-naphthyl acetate esterase [33]. Recent 
evidence pointed out that microglial precursors express 
receptors for stem cell factor [34]. 

In retina, microglial population was demonstrated to 
be ontogenetic different. This cell type is considered a 
CD45 subpopulation expressing receptors for MHC-I and -
II, without phagocytic markers. However, late immuno-
histochemical studies pointed out there is a subpopulation 
that may derive from CD68 macrophages, expressing 
HLA-DR (MHC class II cell-surface receptor encoded 
by the human leukocyte antigen complex). It seems that 
these cells are located mainly in the optic nerve fibers layer 
or in the deep zone at the interface between internal 
nuclear layer and external plexiform layer [35]. 

The tight connection neurons–microglia plays a 
fundamental role in understanding how the CNS responds 
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to injury [1, 9, 23]. This connection comprises direct 
cell-to-cell signaling as well as a paracrine humoral 
component [36]. In normal conditions, these mechanisms 
suppress and control microglia activation and their 
immune response to potent proinflammatory signals (e.g., 
lipopolysaccharidic type of bacterial endotoxin) [37]; 
therefore, the removal of this tonic inhibition is a deter-
minant for activation [29]. 

A classic example is represented by the interaction 
between cell’s CXCR1 (chemokine receptor 1) and 
fractalkine (membrane glycoprotein) expressed on the 
neuronal cell surface [4], acting to repress microglial 
activation [4, 38] during their surveillance on the brain. 

Similarly, the interaction between microglial ligand 
CD200L and neuronal surface marker CD200 acts to 
inhibit the microglial production of proinflammatory 
mediators; additionally, CD200 expression is positively 
regulated by the anti-inflammatory cytokine IL-4 [4]. 
Recent evidence suggests that in the cortex of AD patients, 
there is a deficiency of these markers [4]. Another receptor 
pair CD47 (expressed by both microglia and neurons [4, 
39]) and signal-regulatory protein α (SIRPα) (expressed 
on neurons and astrocytes [4]) bidirectionally signals to 
both cell types, in order to suppress microglial pro-
inflammatory cytokine expression and to inhibit phago-
cytosis [4, 39]. 

However, microglia are equipped with various neuro-
transmitters (glutamate-, purinergic-, acetylcholine-, 
adrenergic-, dopamin-, neurokinin-, serotoninergic-, 
opioid, gamma-amino-butyric-acid) receptors, important 
for the detection of neuronal activity [40]. 

 Resting (surveying) microglia 

Microglia behavior during normal physiology in 
uninjured brain was, for a long time, a neglected theme 
of research. Only recently, their behavior and functions 
under normal conditions in the adult CNS are beginning 
to be disclosed, changing the idea that microglia are 
passive cells [1]. 

The in vivo imaging studies [27, 41–44] unraveled 
that, in adult normal brain, microglia are non-migratory, 
but motile cells [1]; while their body is almost stationery, 
their projections are extensively motile, with a velocity 
of 88 μm/h [1, 41]. The concept of microglia as 
“surveying cells” was proposed in exchange for the 
inappropriate “resting” terminology [44, 45]. 

In this unchallenged (inactive) phase, in the absence 
of cell debris, microglia are individualized by both 
morphology and pattern of gene expression [4]. 

The morphological phenotype is characteristic, an 
elongated soma with a flat nucleus and a tiny rim of 
cytoplasm with few thin branched processes [35, 41–43, 
46]. There are few organelles in the cytoplasm, typically 
containing a large number of lysosomes; though inactivated 
at this stage, the lysosomes reflect the potential for 
phagocytosis [11, 12]. The cell body is anchored in 
place, implying a strong interaction with the extracelular 
matrix (ECM) [1]. Branched microglia cell bodies are 
spaced throughout the CNS with no overlapping (each 
cell and its processes cover around 30–50 μm of nervous 
parenchyma); in vivo microglia imaging demonstrated 

that a microglial cell provided homeostatic functions for 
an average number of five neurons; however the cellular 
density is variable in different brain regions [1, 9]. 
Notably, the ramified morphology occurs only in vivo 
and it is relatively absent in cultured microglia [47, 48]. 

In adult CNS parenchyma, considered an immuno-
privileged site, resting microglia are unable to assume 
the functions of dendritic cells (antigen ingestion and 
stimulation of naïve T-cells) [7]; thus, the immuno-
logical phenotype is characterized by low expression of 
MHC proteins and other function-associated antigens 
that present surface receptors [1, 4, 35, 37]. 

The cells activation is prevented either by neuronal 
receptors – such as CD200 or CX3CR1 (CX3C chemo-
kine receptor 1) – or by astrocyte, endothelial cells 
interaction [4, 38]. 

Due to the characteristic long and motile processes 
that are rhythmically extended and retracted, microglia are 
continuously surveying the environment, able to sample 
the vicinity, to maintain homeostasis or to identify signals 
that require a response [41, 47]. In this state, as actively 
sensoring and monitoring the brain parenchyma, micro-
glia are neuroprotective [4]. 

Microglial cells become professional APCs only after 
a multi-step activation; this process involves stimulation 
by cytokines granulocyte-macrophage colony-stimulating 
factor (GM-CSF) or by their analog signals [interactions 
CD28–B7 (CD28 ligand) and CD40–CD40 ligands] [48]. 
Tissue injury elicits a rapid redirection of microglial 
processes towards the damaged area, and if sustained, 
the injury subsequently promotes microglia migration to 
the affected area. Microglial morphology changes, thus 
confirming the status of migrating cells: cellular extensions 
become shorter, highly branched and convoluted, with a 
thorny irregular surface [46]. 

 Activated microglia 

This is the challenged phase, the rapid microglial 
response to minor CNS stimuli (alterations of neural 
electric transmission, extracellular electrolyte composition, 
the release of soluble factors normally confined to the 
intracellular compartment [40]) and a primary inflammatory 
reaction type in the brain [4]; microglial activation 
implies the quick transition from the resting state to an 
active, motile condition characterized by morphological 
and biochemical changes and microglia proliferation and 
migration towards the lesion sites [8]. This executive 
stage starts like an emergency response, oriented firstly 
towards defense functions or converting into a repair-
oriented action for tissue mending [40]. In this state, 
microglia can act as an antigen-presenting cell or a 
macrophage [8]. 

Microglial activation is normally controlled through 
neuron-glia contact, CD200R–CD200 pathway neuronal 
electrical activity and/or some soluble neurotransmitters 
[8]. The molecular mechanisms which transform the 
various signals in specifically microglial responses are 
still unknown and represent today a fertile research field 
[especially in what concerns the over-activation process: 
the misinterpretation of harmless stimuli, as toxic and 
proinflammatory by the different combinations of PRRs 
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(toll-like family, scavenger classes, complexes or MAC1) 
or most probably the common deleterious downstream 
pathway involving oxidative stress, via NADPH (nicotin-
amide adenine dinucleotide phosphate) oxidase] [19, 49]. 

The plastic ability of microglia is highly expressed 
during activation. The cells increase in number and size, 
their proliferation and migration resulting in reactive 
microgliosis [36]. Different factors have been incriminated 
for the initiating proliferation: the presence of macro-
phage-colony stimulating factor (M-CSF) (driver of the 
cell cycle of microglia), purinergic receptor P2X7, GM-
CSF, BDNF, neurotrophin 3 (NT3) or IL-1, -5 [40]. 

Cellular expansion is a later event compared to the 
phenotype reactivity (cellular hypertrophy, cytokine 
synthesis, CD11b up-regulation) [36]. It reaches its 
maximum after 4–7 days, [36] and approaches the control 
level 7–15 days after injury; yet, experimental studies 
have demonstrated that around a month after the cessation 
of the stimulus, microglia number remains more elevated 
than pre-lesional values [40]. The phenomena of microglial 
migration and proliferation to the target sites began to 
be understood due to the studies made on the β receptor 
subunit IL-3 and chemokine receptor 5, using molecular 
biology methods [50]. Microglial migration depends on 
the interactions with the neighboring cells and the ECM 
[1]; it was demonstrated that the expression and activation 
of cell surface integrins in cultured microglia can be 
altered by changes in ECM components and cytokines 
[1, 51, 52]. It appears that microglia possess podosomes 
(similar to those of invading neoplastic cells), which enable 
microglia to degrade and detach from ECM, mandatory 
features for microglial transition to a migratory phenotype 
[1]. There are multiple chemoattractants sensed by micro-
glia, which are supposed to control the microglia functions; 
of these, the most important is the adenosine triphosphate 
(ATP); ATP release mechanism is not entirely known [53], 
possibly incriminating the mitogen activated protein kinase 
(MAPK)/extracellular signal-regulated kinase (ERK)-
dependent pathway through microglial P2Y12 receptors 
and an outward potassium current), but also neuropeptides 
(angiotensin II, bradykinin, endothelin, galanin, neuro-
tensin) or nitric oxide (NO) with different intracellular 
signaling cascades [40]. 

Significant transformations in microglial morphology 
occur minutes following stimulation [36]. As primary 
morphological changes are the branches thickening, 
retraction and loss of mobility. In order to sustain this 
idea, it was shown that, during microglial activation, 
purinergic P2Y12 receptors, which mediate the motility 
of microglial projections, are down-regulated; by contrast, 
P2Y6 receptors are up regulated and trigger phagocytosis 
[4]. 

However, microglia activation comprises several 
morphological facets, correlated with the type of stimulus 
and lesion [36]. In their studies, Kreutzberg (1996) and 
Ziaja and Janeczko (1999) described the changes of the 
proliferative microglial cells in response to unilateral 
injuries of the cerebral hemispheres. The microscopic 
observations made on lectin positive or autoradiographic 
marked cells, pointed towards the existence of four major 
types of microglia, namely: (1) branched/ramified cells, 
(2) hypertrophic cells, (3) thick, bushy cells (APCs), (4) 

rounded cells (macrophages), with short or non-existent 
processes. Signs of proliferative response occurred in 12 
hours after injury, as branched cells formed. Twenty-
four hours after, this cell type represented 50% of the 
total cell population, being spread far away from injury. 
Days 2, 4 and 8 after injury are characterized by a massive 
reduction in the number and area occupied by ramified 
microglia in parallel with the emergence of APCs and 
macrophages [35, 54]. 

The phenotype change into the amoeboidal, rounded 
form, enables microglia to migrate to the site of injury 
and favors phagocytosis. Even in vitro, where the normal 
environment is absent, and cells are independent of the 
CNS cytokines action, microglia undergo an amoeboidal 
change in the presence of detritus and form multinucleated 
giant cells [55]. 

Electron microscopy reinforced the data regarding 
microglial phagocytic response, by demonstrating myelin 
debris in the cytoplasm of activated microglial cells [56]. 
It was hypothesized that adhesion molecules secreted by 
astrocytes, activate the myelin phagocytosis process, 
causing the augmentation in phagocytic activity [56]. 
This was illustrated in the study of Smith and Hoerner, 
where in basal in vitro conditions, both microglia and 
astrocytes have separately a reduced capacity of myelin 
phagocytosis. By forming mixed cultures, the index of 
phagocytosis was increased almost four times (measured 
by the formation of esters of cholesterol) [56]. The phago-
cytosis of degenerated myelin in microglia is mediated 
via MAC1, SRA1/2 [steroid receptor ribonucleic acid 
(RNA) activator 1/2] and Fc gamma receptors (Fc 
receptors for IgG) [19]. Insufficient removal of myelin 
by microglia impairs the recruitment of oligodendrocyte 
precursor cells and oligodendrocyte differentiation [40, 
57]. 

Two other morphological variants of microglia were 
described: (a) microglial nodules (“stars”) arise by fusion 
of several microglia (and astrocytes) along the degenerated 
neuronal dendrites [36]; they can be seen in the senile 
cortex, hippocampus, and are linked to viral, rickettsial 
infection, amyotrophic lateral sclerosis and transient 
global cerebral ischemia [11, 36]; (b) diffuse microgliosis, 
equally distinctive, generally is a mark for cerebral intra-
parenchymal syphilis with general paresis; the rod shaped 
nuclei of microglia are present in large number and are 
easily discernible, even in HE staining [11, 36]. 

The macrophagic response can be achieved through 
two mechanisms: (1) activation of the microglial cell 
population in small injuries and (2) diapedesis of mono-
cytes in large injuries such as “infarcts”, where the capacity 
of the microglia is exceeded. Thus, in cerebral ischemia, 
amoeboidal forms of microglia can be observed both in 
the infarction area and in adjacent healthy tissue; unlike 
microglial cells, peripheral macrophages are accumulated 
along the infarction border zone [11, 55]. 

The enhanced production of different cytokines, 
chemokines, free radicals and growth factors is a specific 
feature. In states of hypoxia and prolonged reoxygenation, 
the microglial cells express a chemokine, MIP-2α (macro-
phage inflammatory protein-2α), responsible for the chemo-
tactic attraction of neutrophils in the affected areas; besides 
MIP-2α, microglia also express functional receptors for 
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β-chemokines: RANTES, MIP-1α and MCP-1 [58]. 
Furthermore, it seems that the released RANTES from 
microglia play a role in the recruitment of immune T-
cells during Japanese encephalitis virus infection [59]. 

Surface molecules associated with the innate immune 
response, such as complement receptors (CR1, CR3, CR4) 
and MHC molecules, are up-regulated upon microglial 
activation [60, 61]. A consequence of these changes is 
the decrease of the stringency of the BBB, allowing the 
passage of other soluble factors and peripheral immune 
cells: macrophages, natural killer and lymphocytes [40]. 
For example, up-regulation of MHC proteins enables 
microglia to act as APCs to T-cells that will enter the 
brain during active infections [62]. Additional activation 
of interferon-gamma (IFN-γ) induces overexpression of 
MHC-II, CD40, CD54 molecules and dendritic cell marker 
NLDC 145 [48, 63]. Microglia activation can also be 
distinguished by electrophysiological changes: cells can 
express at least 12 different ion channels, including a high 
voltage proton channel; current knowledge of protons 
actions (resulting in depolarization of membrane potential 
and modification of the intra and extracellular pH) is 
important because these changes (amplitude reduction, 
low density and slow transmission) occur either under the 
action of toxic cytoskeleton agents (e.g., cytochalasin D, 
colchicine) or during branching microglia cytoskeleton 
reorganization [64]. Calcium will transmit the brain injury 
signals to microglia through long-range waves (induced 
by glutamate and independent of ATP); the proliferation, 
migration and cytokine secretion are regulated by voltage- 
and/or Ca2+-activated K+ and chloride channels; the 
deramified microglial phenotype is inhibited by the 
blockade of non-selective cation channels, while the 
ramified phenotype is associated with stretch activated 
Cl- channels [40]. 

There are additional features that characterize activated 
microglial cells: normally, microglia show no immuno-
reactivity for connexin 43 (proteic subunit which defines 
gap junctions by excellence), but, in the executive phase, 
gap junctions are specific; for example, in cranial trauma, 
activated microglial cells can communicate with each 
other through gap junctions induced cytokines, important 
for the development of the inflammatory response [65]. 

The activation process is gradual, finding retrieved 
in many studies [35]; for example, the induction of 
experimental demyelization of the white matter in rats, 
demonstrated the existence of activated microglial 
population in an early phase (cells increased in number 
and displayed amoeboidal morphological changes); but 
only in a later stage, the microglial phenotype expressed 
on its surface MHC-II molecules, various cytokines and 
chemokines and the cells dispersed in the gray matter [66]. 

The prevalent features of microglial activation are 
firstly represented by their reaction to all CNS pathologies, 
either acute or chronic and secondly by the graded 
response, ranging from minor morphological changes and 
immunological activation to the full activation form as a 
macrophages and antigen presenting cells [40]. 

Although the microglia activation is a gradual response, 
two major phases can be identified: (a) the motile, non-
phagocytic stage (an intermediary phase) [67], and (b) 

the motile phagocytic stage (a fully activated phenotype) 
[67]. At the same time, we can talk about a non-pathological 
stage of activated microglia, with beneficial roles and a 
pathological stage (toxic) with detrimental impact on 
neurons and the surrounding environment [36, 40]. 

The immunophenotype of the activated, non-phagocytic 
stage is characterized by a decrease in F4/80 (monoclonal 
antibody) values and some other macrophagic markers 
[63]. Typical for the activated phagocytic stage is the 
large, rounded, amoeboid shape and the antigen presenting 
and inflammatory mediating signaling molecules; microglia 
phagocytic ability is now fully accomplished [55]. 

Activated microglia initiate a series of responses, 
starting with: oxidative stress and release of anti-inflam-
matory factors (growth factors and cytokines) in order to 
eliminate the source of the proinflammatory signals [7]; 
since microdamages may happen frequently throughout the 
CNS due to microischemic events, accumulated metabolic 
products or degenerating neurons, it is conceivable that 
microglia are constantly activated and, in most cases, 
respond to these microdamages in a beneficial, neurotrophic 
fashion [7], completely distinct from a toxic activation 
in a classic pro-inflammatory response manner. 

 Non-pathological states 

In non-pathological states, microglia respond to extra-
cellular stimuli by several mechanisms, namely [4, 8]: 
(a) release immunoregulatory cytokines to maintain the 
microenvironment homeostasis (the large amount of 
substance P, the major modulator of immune system, 
released by fetal microglia) [68]; (b) contribute to the 
construction and maintenance of the vascular system in the 
CNS (facilitate angiogenic sprouting during development, 
promote the fusion of nearby blood vessel, surround and 
fill injury sites within minutes) [1]; (c) determine trophic 
support for neurons, a favorable environment for neuronal 
development [69] and regeneration by secretion of neuro-
trophins, and other neurotrophic or growth factors; play 
active roles in the induction of neuronal cell death in the 
developing tissues [1, 68]; (d) promote oligodendrocytes 
survival and maturation, by inhibition of cell apoptosis and 
by secretion of soluble factors, PDGF (platelet-derived 
growth factor) and transcription factor NF-kB p65 (nuclear 
factor kappa-light-chain-enhancer of activated B-cells) 
[70, 71]; (e) possible potential source of neurons, astrocytes 
and oligodendrocytes [34, 72]; (f) role in immune sur-
veillance and control, monitoring synaptic activity (each 
synapse is contacting about once per hour) and acting  
in synaptic plasticity, remodeling functionally impaired 
synapses, by the release of neurotrophic factors and anti-
inflammatory cytokines [1, 36, 68]; (g) participate in 
synaptic stripping, a process of removing branches from 
damaged neurons to promote repair and regrowth [1] and 
in synaptic plasticity [2]; (h) discard unwanted cellular 
debris resulting from apoptosis, normal cell death or brain 
parenchyma lesions (damaged cells, plaques, foreign 
matter), being the “scavenger” of the nervous tissue and 
therefore represent a key factor in the nervous parenchyma 
defense [35]; (i) promote tissue repair (e.g., IL-6 acting 
on astrocytes) [1, 36, 40]. 
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 Pathological state (toxic microglia 
activation) 

Though acute microglia response is not considered 
detrimental, chronic microglial activation is the most 
damaging microglial response to injury, creating a self-
propagated feedback loop with a continuous and aberrant 
prolonged activation [40]. Under the intensity or duration 
of some pro-inflammatory triggers, the “threshold of 
tolerability” may be surpassed, determining this state  
of over-activation [8, 73]; the deregulated microglia 
excessively produce inflammatory mediators which 
accumulate and reach harmful levels for neurons and 
eventually contribute to neurodegeneration [4, 27]. In this 
context, microglial toxic activation is associated with the 
pathogenesis and progression of: AD, Parkinson’s disease 
(PD) or prion disease, multiple sclerosis, ischemic and 
traumatic brain injury, diabetes, epilepsy, human immuno-
deficiency virus (HIV), etc. [27]. Unfortunately, there 
are no features in activated microglial morphological 
phenotype enabling the differentiation between benign 
and toxic microglial functions [9]. All that can be said is 
that the neurotoxic profile of microglia relies on a shift to 
an inappropriate pro-inflammatory functional phenotype, 
an increased release of cytotoxic factors [e.g., superoxide 
(O2•−), NO, inflammatory prostaglandin E2 (PGE2), 
TNF-α, proteases, tissue plasminogen activator] aimed 
at destroying the invading pathogens [4]. In the CNS, 
microglia are the primary source of TNF-α considered as a 
possible master inflammatory regulator that can induce 
further cytokine production, gliosis, BBB damage, de-
myelination, inflammation, cell adhesion, and immune 
reactivity [74]. 

The CNS environment is implicated as a source of 
compounds both directly and indirectly (deleterious 
through direct stimulation of microglia) toxic to neurons 
[19]. Many disease proteins (e.g., Aβ, α-synuclein, HIV-
Tat [27]), environmental toxicants [lipopolysaccharide 
(LPS), pesticides: paraquat, dieldrin, lindane, rotenone], 
air pollution, proinflammatory cytokines, thrombin, IFN-γ 
[40] and various other factor, sometimes only misinter-
preted as pathogens [4], may trigger a toxic microglial 
response; the multiple pro-inflammatory response timing 
and mechanisms are possibly stimulus specific (e.g., unique 
to microglia, the LPS-activation of NADPH oxidase and 
the consequent production of O2•− is not mediated 
through the traditional toll-like 4/LPS receptor, but through 
MAC-1 receptor) [4]. Also, various etiological proinflam-
matory conditions (ageing, head injury, diabetes, heart 
disease, epilepsy) may conduct to a toxic activation [4, 
8], by their summative effect, increasing the risk for the 
subsequent development of neurodegenerative diseases 
(e.g., in AD, there is a progressive increase in the amount 
of overexpressing IL-1 activated microglia that are consi-
dered to subsequently initiate the malady and thus partly 
explaining the specific strong association between age 
and this disorder [27]). 

 Heterogeneous microglial activation 
states 

Aged brain 

Elderly brain is an environment where microglia is 

easily activated [8, 75]. A distinct pattern of microglia, 
the dystrophic form, is extensively distributed in the 
senescent human brain, but does not exist in all areas [8, 
76]. Scattered dystrophic microglia are found alongside 
normal ramified ones, suggesting that only partially 
microglia become dystrophic. It is individualized by: 
morphology, length of telomeres and reduced telomerase 
activity (changes in cell function and gene expression) 
[8, 75–77]. It is possible that the number of this subset 
increases with aging and ultimately outnumbers the neuro-
protective normal-functional microglia. Therefore, an 
important question remains: does activated microglia in 
the aging brain coexist with or it is secondary to microglia 
dystrophy, since increased microglia activation in the aged 
healthy brain of different mammalian (human, monkey, 
rat) species has been reported [8, 76]. By now, no definite 
biomarker can differentiate them with certainty, even if 
microglia from aged rats brains show increases in the 
microglial protein markers OX-42 and OX-6 [19]. 

In the senescent brain, the age-associated changes 
due to lifelong accumulations of minor insults [1] may 
underlie the alterations of microglial function and their 
distinct responses to injury [8, 75–77]. These activated 
microglia with age-related changes (damage of cellular 
macromolecules and organelles) present an increased 
expression of MHC class II, augmented release of pro-
inflammatory cytokines (IL-1β) or phagocytic activity, 
decreased secretion of anti-inflamatory cytokines and thus 
they may be over-responsive to small stimuli (otherwise 
well controlled in the young brain) [8, 75–77]. It is believed 
that fresh activated microglia may coexist with the age-
activated subset [8, 75]. From the morphological point of 
view, hypertrophy, retraction and thickening of processes 
characterize the activated form [78], while the senescence 
profile comprises deramification, short or twisted processes, 
cytoplasm fragmentation or inclusions [8] (Figures 9–11). 

The major determinants for microglia’s dysfunction, 
shown also to accelerate their senescence phenomenon, 
are represented by either extrinsic factors (neurotransm-
itters, oxidative stress, neuroendocrine factors, hormones) 
or pathological factors (e.g., microenvironment abnormal 
protein aggregation such as amyloid) [8, 76]. An impaired 
microglial cell function may also determine a slowly 
progressive neurodegeneration with associated neuronal 
cell death. Recent evidence suggest that potential thera-
peutic directions could target the factors which either 
cause microglia dysfunction in aging brain or may delay 
microglia senescence by restoring at least part of the 
neuroprotective function of these cells [8]. 

Neuroinflammatory diseases 

In the context of neuroinflammatory diseases, microglia 
exist in at least three distinct activated forma: classical 
(pro-inflammatory) activation, alternative (anti-inflam-
matory) activation and acquired deactivation [15, 57, 
73, 79]. The balance between the proinflammatory and 
alternative activation is essential to prevent excessive 
inflammation with deleterious consequences [15]. 

Classical (pro-inflammatory) activation (also called 
M1) 

During classical microglia activation, in response to 
LPS and the proinflammatory cytokine IFN-γ, the innate 
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immune system will favor a T-helper cell type 1 (Th1); 
thus during a Th1 response, activated microglia will 
express CD86 and CD16/32, and produce high amounts 
of oxidative metabolites (NO and O2•−), proteases and 

proinflammatory mediators (TNF, IL-1 and -2); due all 
the factors released, this phase plays a central role in host 
defense against pathogens and tumoral cells, but they can 
also damage resident healthy cells [15, 27, 40, 57, 73, 79]. 

 

Figure 9 – Metallic impregnation, Golgi method (×40); 
senescent brain parenchyma. 

Figure 10 – Metallic impregnation, Golgi method (×40); 
senescent brain parenchyma. 

 

 
Figure 11 – IHC CD68 (clone KP1 – Abcam) (×100); 
senescent brain parenchyma. 

Alternative (anti-inflammatory) activation (also called 
M2) 

In this form of activation, induced by IL-4 and IL-13, 
the innate immune system will favor a T-helper cell type 2 
(Th2); thus, during a Th2 response, activated microglia 
will express CD206 and arginase 1 [40], secrete anti-
inflammatory cytokines [IL-4, -5, -10, -13, transforming 
growth factor beta (TGF-β) – associated with the 
conversion to other phenotypes] and are characterized 
by the suppression of Th1-proinflammatory cytokines, 
reduced NOS2 (nitric oxide synthase 2) expression, NOX2 
(phagocyte NADPH oxidase) activation and induction 
of a number of genes that are characteristic on the 
acquisition of this phenotype [15, 27, 40, 57, 73, 79]. 
The conversion to microglia alternative activation state 
appears to be coordinated by two members of the peroxi-
some proliferator-activated receptor (PPAR) family (super-
family of nuclear hormone receptors): PPAR-γ and 
PPAR-β/-δ; with distinct tissue distributions and ligand 
specificities, they regulate the gene expression program 
that characterizes this microglia phenotype [19, 27]. In 
the adult CNS, PPAR-β/-δ are ubiquitously expressed, 
whereas, PPAR-γ is the dominant isoform in microglia. 
Recently, PPAR-γ has been recognized as a prime target 

to modulate inflammation, by inhibiting pro-inflammatory 
gene expression, a process termed PPAR-γ-mediated 
transcriptional trans-repression [27]. In this phase promotes 
tissue repair and angiogenesis, by down-regulating the 
inflammation [40]. 

Acquired deactivation 

The acquired deactivation state is a highly evolved 
cellular response that allows microglia to detect apoptotic 
cells and ingest them in the absence of inflammation [27]; 
this allows normal developmental processes, normal tissue 
maintenance and accompanying patterned cell death to be 
performed without setting off an inflammatory response 
[27, 73, 79]. The acquired deactivation phase, considered 
in some authors opinion a distinct phase of alternative 
activation, is associated with the robust suppression of the 
innate immune response, by down-regulating the expression 
of molecules associated with antigen presentation and 
production of proinflammatory cytokines, chemokines, NO 
and free radicals [40]; it is regulated by the secretion of 
anti-inflammatory cytokines IL-10 and TGF-β [15, 27, 40, 
57]. Microglia phagocytic receptors (phosphatidylserine 
receptors, scavenger receptor A and B, CD14/CD36, P2Y6 
receptor – for the nucleotide UDP (uridine diphosphate) 
released from injured neurons, triggering receptor 
(TREM2) expressed on myeloid cells – whose mutation 
determines the development of an inflammatory neuro-
degenerative disease leading to death at the fourth or 
fifth decade of life [8, 80], detect cell surface molecules, 
uniquely found on apoptotic cells. Engagement of these 
receptors simultaneously acts to suppress the activity of 
promoters of inflammatory genes, stimulate the expression 
of the anti-inflammatory cytokines IL-10 and TGF-β and 
stimulate phagocytosis, allowing removal of the cellular 
corpse (apoptotic neurons) from the tissue [27]. 

In the end, we can conclude that there is not a single 
phenotype for microglia activation but a broad hetero-
geneity of microglial activation states (e.g., in the mouse 
models of AD, microglia exhibit a mixed pattern of 
activation, with elements of both classical and alternative 
profile) [15]. 
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Prediction of microglia functional outcomes and their 
impact on the brain represent the future challenge for 
the field due to several particular aspects: microglia have 
the ability to transit between activation states, the mild 
continuum “activation” makes discrete phenotypes difficult 
to describe and the coexistence of different populations 
of microglia, each with its own activated phenotype [15]. 

 Microglia and retinal cells interactions 

Under normal conditions and in retinal disease and 
injury, microglia and Müller cells have bi-directional 
interactions that help maintaining tissular homeostasis 
and shaping the injury response. In healthy retina, Müller 
cells provide the extracellular ATP, which modulates the 
microglial motility; reversely, in inflammatory processes, 
activated microglia influence Müller cells morphology 
and function [81]. 

In early stages of retinal degeneration, activated 
microglia are present in the outer retina and they might 
be implicated in photoreceptor cells death. Studies using 
cell culture techniques have reported that retina-derived 
microglia release soluble products responsible for inducing 
photoreceptor cells degeneration by a mechanism that 
may involve apoptosis [82, 83]. 

 Microglia and hormones interactions 

Immunological in vitro analyses have demonstrated 
the presence in the microglial cells of nuclear receptors 
for thyroid hormones [e.g., protein-thyrosine phosphatase 
associated to the colony-stimulating factor (CSF) receptor]. 
It seems that thyroid hormones stimulate the increase in 
number of microglial cells and the growth of the cyto-
plasmic processes. Lima et al. reported that in animals 
rendered hypothyroid, there was a reduction in microglia 
density and a delay in microglial processes development; 
by contrast, induced neonatal hyperthyroidism resulted 
in accelerated processes development and increased 
microglia density [84]. 

The neuroactive steroids 17β-estradiol and progesterone 
control numerous neural functions and also exert anti-
inflammatory and neuroprotective effects, due to the 
widespread expression of classical and non-classical 
estrogen and progesterone receptors in the CNS [85]. 

In acute and chronic CNS diseases, female gonadal 
steroids modulate microglial function by transforming the 
activated microglia from a M1 pro-inflammatory into a 
M2 neuroprotective phenotype, and by regulating the 
inflammasome [86]. 

Vegeto et al. used primary cultures of rat microglia 
to demonstrate that estrogen plays protective and anti-
inflammatory roles in neurodegenerative diseases. Estrogen 
prevented the phenotypic changes associated with micro-
glia activation and inhibited the production of inflammatory 
mediators: inducible form of NO synthase (iNOS), PGE2, 
and matrix metalloproteinase-9 (MMP-9). These effects 
were dose-dependent and could be inhibited by the 
estrogen receptor antagonist ICI 182,780. Their results 
also suggested that estrogen exerts a genomic activity via 
the intracellular receptors; this hypothesis is sustained 
by two aspects: the expression of α and β estrogen 
receptors in microglia and macrophages and the blockade 

of MMP-9 messenger ribonucleic acid (mRNA) accumu-
lation and MMP-9 promoter induction [87]. 

 Factors that inhibit the microglial 
activation 

Inhibition of microglial activation is a complex 
process that oppose to the overactivation of microglia.  
It implies the CNS microenvironment (with positive 
inhibitory effect) and the cross talk with neurons and the 
other local cells. Thus, the regulatory signals delivered 
by neurons, besides fractalkine and CX3CR1, are partly 
through the glycoprotein OX-2 [40]. Another important role 
is assigned to TGF-β family, cytokines mainly produced by 
activated astrocytes, that have strong immunosuppressive 
and neurotrophic effects (in vitro, isoforms 1, 2, 3 inhibit 
the proliferation of branched microglial cells) [8, 40]. The 
neighboring endothelial cells release endothelin 2, that 
decreases the immune response when acting on IFN-γ 
activated microglial cells; contrarily, the vasoconstrictors 
endothelins 1 and 3 amplify the immune response [88]. 
The neurotoxic potential of microglial cells (rate of proli-
feration, transformation into macrophages, production of 
free radicals, release of cytokine TNF-α) may be inhibited 
by adenosine agonists; adenosine 2A receptors modulate 
brain damage in various animal models of acute neuro-
logical injuries, including brain ischemia, traumatic brain 
injury, spinal cord injury and hemorrhage stroke [89].  
In vitro microglial cell proliferation can be inhibited by 
β adrenergic agonists (epinephrine, isoproterenol, 
forskolin) that increase intracellular cyclic adenosine 
monophosphate (cAMP) levels (acting on β2 adrenergic 
receptor) [90]. Prolonged increase in cellular cAMP 
levels is thought to inhibit the neurotoxic properties of 
microglial cells and to induce cellular apoptosis [91]. 
Considering this, there are authors suggesting that 
regulation of CD29 and CD54 expression, cell surface 
antigens specific to microglial cells, involves a cAMP 
dependent pathway. Different substances (e.g., brom-
adenosine-monophosphate, iso-buthyl-methylxantine) have 
been used in order to raise the level of intracellular cAMP, 
inhibiting in a dose dependent manner the expression of 
β-1 integrin CD29 and intercellular adhesion molecule 
CD54 [91]. 

Recently, more endogenous protective brain regulatory 
signals have been identified: neuropeptides, cannabinoids, 
hormones (estrogen, glucocorticoids) or microglial apoptosis 
itself; these factors act by inhibiting microglial over-
activation [1]. 

These protective mechanisms, when absent, unable or 
overwhelming (by excessive inflammatory responses), 
enable microglia to initiate neuronal death and chronic 
progression of neurodegeneration [1]. 

 The “after activation” phase 

There are few data regarding the after activation 
destiny of microglia. When no longer needed, microglia 
regress and the former activation process passes almost 
unnoticed. When pathological stimuli have ceased and 
neurons survive and recover, activated microglia can return 
to the resting state. Still, depending on the intensity and 
nature of the trigger, some residual effects may persist, e.g., 
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an increased number of microglial population comparative 
to the prelesional stage. When being challenged again, 
the already experienced microglia respond more quickly 
and efficiently in a second injury, but their augmented 
degree of sensitivity could explain some chronically related 
problems like age related dysfunctions or a neurodege-
nerative process [19]. 

In the study conducted by Liu et al., it was demonstrated 
that increased microglial activation (caused by extremely 
high concentrations of inflammatory agents: e.g., LPS 
>1 ng/mL), leads to cells apoptosis [verified by the 
breaking chains of deoxyribonucleic acid (DNA)], the 
expression of characteristic surface markers: phosphatidyl-
serine, Bax protein, activation of caspase; most probably, 
this is a self-limiting mechanism meant to combat excessive 
neuron destruction [92]. The same conclusion is offered 
by Kingham et al., who demonstrated that the increased 
activation of the microglial cells is determined by 
chromogranin A, via IL-1β converting enzyme; in this 
context, apoptosis can be prevented by inhibition of 
glutamate secretion or its transport through the plasma 
membrane [93]. Thus, it is considered that the over-
activated microglia that have transformed in a full-blown 
macrophage will undergo cell death by apoptosis [36, 40]. 

 Microglia’s involvement in pathology 

These findings suggest a common final pathway of 
microglia involvement in neuronal injury and loss, in a 
number of acute and chronic disorders: (1) oxidative 
stress, (2) neuropathic pain, (3) traumatic injury, (4) stroke/ 
acute ischemia, (5) infectious and parasitic diseases, (6) 
immunological diseases, (7) metabolic disorders, (8) 
glaucoma, (9) tumors, (10) neurodegenerative disorders, 
(11) psychiatric disorders. 

Microglia and oxidative stress 

Due to their high oxygen metabolism, glial cells are 
constantly exposed to reactive oxygen species (ROS) 
and show different susceptibility to apoptosis induced 
by oxidative stress. Hollensworth et al. demonstrated 
that the specific glial response to menadione-induced 
oxidative stress was not related to cellular antioxidant 
capacity, but instead it was correlated with increased 
oxidative mitochondrial DNA (mtDNA) damage and the 
apoptotic pathway involved the activation of caspase 9 
and increased release of cytochrome c from the inter-
mitochondrial space [94]. 

Significant rise in hydrogen peroxide (H2O2) levels 
due to hypoxic-ischemic injury leads to generation of 
detrimental free radicals in the neonatal brain. Pathipati 
et al. reported that H2O2 has different effects on microglia: 
continuous exposure to low H2O2 levels resulted in 
increased release of pro- and anti-inflammatory cytokines, 
and production of chemokines/chemotactic molecules; 
contrarily, high bolus doses did not produce prominent 
cytokine release, suggesting a role of microglia in wound 
healing after such an insult [95]. 

Oxidative stress induces different resistance mecha-
nisms in neurons and glial cells. Takeuchi et al. reported 
that damaged neurons in the boundary areas around 
necrosis underwent delayed death under the influence of 
NO released by microglia. By contrast, neurons in the 

nearby region tolerated the cytotoxic effect of NO. They 
examined the in vivo expression of superoxide dismutase 
(SOD), and observed that, outside the boundary area, 
surviving neurons exhibited an up-regulation of both 
Cu/Zn-SOD and Mn-SOD, whereas glial cells expressed 
only Mn-SOD; contrarily, damaged neurons in the 
boundary area did not express SOD and were selectively 
eliminated by activated microglia. It was suggested that 
SOD induction might protect neurons from cytotoxic 
effect of NO after focal brain injury [96]. 

Microglia and neuropathic pain 

Three of the purinergic receptors expressed by micro-
glia (i.e., metabotrophic P2Y12 receptors, P2X4 and P2X7 
ionotropic receptors) are implicated in the progression 
of neuropathic pain after peripheral nerve injury [97]. 

The role of these receptors in neuropathic pain was 
demonstrated by the following observations: P2Y12, 
P2X4 and P2X7 receptors expression is up-regulated in 
microglia after nerve injury, pharmacological inhibition 
and antisense knockdown of P2Y12, P2X4 and P2X7 
receptors reduced the pathological pain [98, 99]; applica-
tion of a P2Y12 agonist resulted in pain sensation [98]; 
additionally, genetic ablation of the receptors [100–102] 
attenuated pathological pain responses. 

Coull et al. (2005) demonstrated that ATP-stimulated 
microglia secrete BDNF, which increases neuronal hyper-
sensitivity; GABA signaling becomes excitatory rather 
than inhibitory, because of the reversed anionic potential 
of GABA-activated currents during neurotransmission 
in the peripheral nerves [103]. 

Role of microglia in trauma 

It was reported that spinal cord traumatic injuries are 
followed by an increase in neuronal survival and axon 
regeneration, in response to BDNF and NT3; yet, potential 
neurotrophin sources and cellular localization in the spinal 
cord are undefined. In order to localize glial BDNF in 
normal spinal cord and its distribution after injury, 
Dougherty et al. used dual immunolabeling for BDNF and 
glial fibrillary acidic protein (GFAP) in glial cells. In 
normal conditions, most oligodendrocytes but only small 
subsets of astrocytes and microglia exhibited BDNF-
immunoreactivity. After the trauma, there was a significant 
and progressive increase in the number of BDNF-
expressing astrocytes and microglia at the site of injury; 
these observations suggest that the various types of glial 
cells play different roles in local neurotrophin availability 
in normal spinal cord and healing responses [104]. 

Glial cell line-derived neurotrophic factor (GDNF) 
might also have a protective effect on neurons after the 
traumatic injuries of the spinal cord. This factor was 
investigated by Satake et al., who demonstrated the up-
regulation of GDNF gene expression in microglia and 
macrophages one day after the injury [105]. 

Microglia and ischemic stroke 

Traditional research on ischemic stroke mainly studied 
possible therapeutic approaches based on the patho-
physiological mechanisms of neuronal death; nowadays, 
novel approaches focus on the role of glial cells during 
ischemia [106, 107]. 
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Microglial activation in ischemic injury has a contro-
versial role. Numerous studies have demonstrated that 
release of pro-inflammatory cytokines and production of 
ROS were detrimental to neurons [108]; however, other 
studies reported that elimination of endogenous microglia 
during stroke worsened stroke outcome [109, 110]. 

Recent studies provided evidence suggesting that 
microglia can be considered potential targets in the 
ischemic stroke. Ex vivo and in vivo studies showed that 
microglia introduced in the ischemic zone prior or after 
onset of experimental ischemia provided neuroprotection 
[111–113]; the protective mechanisms included are: 
enhanced production of neurotrophic factors, reduction 
of neuronal apoptosis, and functional recovery in motor, 
sensory, reflex, and balance tests [114]. 

Role of microglia in infectious and parasitic 
diseases 

HIV 

Microglial activation, hallmark of neuroinflammation, 
seems to be responsible for the neurological disorders 
associated with HIV infection. Recent studies conducted 
by Garvey et al. evidenced the presence of focal microglial 
activation in cortical areas in asymptomatic adults with 
HIV infection and suggested that presence of activated 
microglia prior to the onset of neurological and cognitive 
symptoms could be a marker of future neurocognitive 
decline [115]. 

In the CNS of HIV-1 patients, infected microglia give 
rise to giant multinucleated cells, a hallmark of HIV-
associated dementia [116]. Additionally, HIV-infected 
macrophages and microglia release various factors res-
ponsible for neuronal injury, such as: pro-inflammatory 
cytokines (e.g., TNF-α, IL-1β, IL-6, IL-8, and IFN-α), 
chemokines, and small molecules [117]. TNF-α is not 
only a neurotoxin, as it has a dual role: on one hand, 
TNF-α inhibits glutamate uptake by astrocytes, and the 
ensuing accumulation of glutamate is responsible for 
neuronal excitotoxicity; on the other hand, TNF-α plays 
a neuroprotective role through NF-kB activation [118]. 
Both IL-1β and TNF-α induce glutaminase in neurons 
leading to dysregulation of glutamate production [119]. 
IL-6 induces the formation of cytoplasmic vacuoles in 
neurons, impairing neuronal function [120]. High levels 
of IFN-α were associated with an increase in severity of 
HIV dementia [121]. Small molecules such as quinolinic 
acid and platelet-activating factor (PAF) are implicated in 
neurotoxicity via N-methyl-D-aspartate receptor (NMDAR) 
dysregulation [122, 123]. 

Other viral infections 

In the CNS, the innate immune mechanisms towards 
infections and inflammatory diseases have particular signi-
ficance, because brain is an “immune-privileged organ” 
[124]. Brain macrophages and microglia are implicated in 
multiple innate immune system mechanisms; they initiate 
acute immune responses to various infectious agents, 
including viruses, by the intercellular signaling subsequent 
to the recognition of pathogen-derived molecules. Yet, 
there are particular aspects of the CNS viral infections 
pathogenesis: localized activation of microglial cells and 
delayed antigen-specific responses, leading to challenging 
therapeutic approaches [124]. 

Sentinels of innate immune: microglia, macrophages 
and dendritic cells are the first responders to viral 
infections of CNS. 

Nayak et al. used a combination of genomic and two-
photon imaging techniques to demonstrate the dynamic 
programming of these cells following CNS infection with 
a non-cytopathic virus (lymphocytic choriomeningitis 
virus). In the first stages after infection, an increase in 
vascular circulation and a complete morphological trans-
formation of the myeloid cells were recorded; myeloid 
cells also exhibited significant changes in CNS gene 
expression, which were linked to type I interferon signaling 
(IFN-I). After the virus persisted and widely spread in the 
brain, the innate immunity returned to a normal state, and 
the genomic changes declined. Moreover, in the absence 
of IFN-I signaling, there were no changes in gene 
expression, and myeloid cells did not respond to viral 
infection. This could explain why many neurotropic viruses 
have developed the strategies to suppress IFN-I [125]. 

Toxoplasmosis 

After the initial acute stage when Toxoplasma gondii 
proliferates in various organs, during the subsequent 
chronic infection, the parasite infects neurons and astro-
cytes and forms cysts in the brain. In this stage, activated 
microglia, astrocytes and neurons release a variety of 
cytokines; IFN-γ is the essential factor capable to control 
T. gondii in the brain and to maintain the balance between 
the parasite’s evasion from the immune response and the 
host immunity [126]. 

Schlüter et al. demonstrated that, in Toxoplasma 
encephalitis, activated microglia de novo expressed IL-
12p40 and iNOS mRNA, upregulation of IL-1β and 
TNF-α mRNA, IL-10 release, production of IL-15 mRNA, 
an induction of major histocompatibility class I and II 
antigens, intercellular adhesion molecule-1, and leukocyte 
function-associated antigen-1. Moreover, microglial cyto-
kine production was controlled by CD8+ T-lymphocytes, 
but expression of surface molecules was less influenced 
by T-cells [127]. 

Mycoses 

Cryptococcosis 

Cryptococcus neoformans is a facultative intracellular 
pathogen of macrophages; its major virulence factor is the 
polysaccharide capsule, and phagocytosis of encapsulated 
pathogen is minimal in the absence of opsonins [128]. 
Experimental studies on murine cryptococcal meningitis 
model performed by Redlich et al. demonstrated that 
microglia stimulated with toll-like receptors agonists 
became activated and released various cytokines (i.e., 
tumor necrosis factor TNF-α, chemokine ligand-1 (CXCL1), 
IL-6, IL-10 and MIP-2); moreover, an increase in encap-
sulated C. neoformans phagocytosis was reported [129]. 

Aspergillosis 

Complement synthesis and activation in the cerebro-
spinal fluid in response to Aspergillus infection is lower 
compared to serum synthesis. Rambach et al. measured 
cerebrospinal fluid and serum complement levels and 
reported that cerebral complement was not capable of 
combating the fungus; complement components deposed 
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on fungal surface, but opsonization was much weaker 
compared to serum, and phagocytic activity of microglia, 
macrophages and granulocytes was also low. These results 
suggest that cerebral complement insufficient activation 
and synthesis are the main reason for cerebral aspergillosis 
being the most lethal infection of the CNS [130]. 
Rambach et al. used IHC to further analyze complement 
synthesis; their results indicated increased complement 
levels in resident neurons, astrocytes, oligodendrocytes 
and infiltrating macrophages, but microglia synthesized 
low amounts of complement proteins. These surprising 
findings suggest that Aspergillus is capable of developing 
evasion mechanisms, which impair complement-dependent 
phagocytosis [131]. 

Candidiasis 

The interaction between Candida albicans and 
microglia is dependent on fungal genotype; both b and c 
genotypes undergo polymorphic transition and can be 
phagocytated by microglia, but only c genotype is capable 
to survive and replicate inside microglial cells. In response 
to fungal infection, preferably towards the c genotype, 
microglia activate NF-kB and produce increased levels 
of MIP-1α [132]. 

Role of microglia in immunological diseases 

Graft-versus-host disease 

Cerebral manifestations of graft-versus-host disease 
(GvHD) reported by Padovan et al. in a murine model 
of after allogeneic bone marrow transplantation were 
characterized by lymphocytic infiltration, microglia 
activation, and mild angiitis-like changes [133]. 

In GvHD-affected CNS, a scarce infiltration with T-
cells and microglial activation were reported. Sedgwick 
et al. used immunohistochemistry to analyze T-cells and 
microglia in the CNS in GvHD; their data reported that 
90% of the T-cells present in the CNS were lymphoblasts 
of donor origin; T-cells exhibited CD4+ αβTCR+ CD2+ 
and were inconstantly scattered throughout parenchyma. 
Activated microglia sorted by flow cytometry and cultured 
exhibited long, branched and spinous processes, were 
highly motile and actively phagocytic; microglia responded 
by a 5-fold up-regulation of CD45 and a 10- to 20-fold 
up-regulation of MHC class II expression; moreover, 
microglial clusters expressing high levels of CD11b/c and 
MHC class II were constantly associated with T-cells. 
These observations were consistent with the interaction 
between resident macrophages and T-cells at the graft 
site [134]. 

Role of microglia in metabolic diseases 

Diabetes mellitus 

There are significant corresponding differences in the 
outcome of diabetes mellitus patients suffering from acute 
cerebral infarction (DMCI) compared to non-diabetic 
patients (non-DMCI). Li et al. investigated microglial 
activation in the peri-infarct zone and the equivalent 
non-lesional region in the contra-lateral hemisphere; in 
DMCI patients, both the peri-infarct region and the non-
lesional hemisphere exhibited significant microglial 
proliferation than in non-DMCI subjects; additionally, 

neuron phagocytosis was observed in peri-infarct area 
of DMCI [135]. 

Diabetic neuropathic pain is the consequence of 
metabolic changes and oxidative stress induced by hyper-
glycemia in peripheral tissues and nerve fibers. These 
pathogenetic mechanisms also alter the local microenvi-
ronment in the spinal cord, leading to microglial activation 
with the subsequent release of pro-inflammatory cytokines 
and neuroactive molecules responsible for inducing central 
sensitization [136]. 

Role of microglia in glaucoma 

Under pathological conditions, neuronal decline in 
the CNS is the consequence of changes in activation and 
distribution of microglia. In human glaucoma, there is a 
specific spatial distribution of microglia: activated cells 
migrate in the initial site of axonal degeneration, leading 
to retinal ganglion cell neurodegeneration; the time course 
of microglial changes is also un important aspect in 
glaucoma pathogenesis: microglial activation is an early 
alteration in the retina and optic nerve is crucial to disease 
onset and progression [137]. 

Müller cells and retinal microglia react to neuronal 
degeneration in glaucoma by acquiring a reactive phenotype 
and by initiating signaling cascades with dual simultaneous 
effects: on one hand, these cells exert a neuroprotective 
role, but on the other hand, they promote retinal neurons 
degeneration [138]. 

Retinal microglia is implicated in the pathogenesis of 
diabetic retinopathy, vitreoretinopathy, glaucoma, and age-
related macular degeneration. In autoimmune disease, 
microglia have dual roles: they initiate the uveoretinitis, 
but also reduce the ensuing inflammation. The precursors 
of retinal microglia are the hematopoietic cells, which 
arrive in retina via the blood vessels of the retina, ciliary 
body and iris. In human retina, microglia express MHC 
class I and II, CD45, CD68, and S22 markers [139]. 

There is accumulating evidence of alterations in auto-
antibody patterns in sera and aqueous humor, suggesting 
implication of autoimmune component in the pathogenesis 
of glaucoma. Gramlich et al. used antibody microarrays 
to examine the presence and distribution of pro-inflam-
matory proteins and complement proteins in human 
glaucomatous and normal eyes. Their findings demons-
trated that immunocompetent cells like microglia maintain 
a pro-inflammatory environment in glaucomatous retina, 
which results in plasma cells and IgG antibody deposition 
[140]. 

Role of microglia in tumors 

Microglia and macrophages, which are abundant in 
gliomas, have different interaction with the brain tumor 
initiating cells (BTICs), compared to normal microglia. 
Sarkar et al. used cell cultures to study the effect of 
microglia on the BTICs; there findings proved that 
normal microglia reduced the capacity of BTICs to form 
spheres by activating the expression of genes which control 
cell cycle arrest and cell differentiation; by contrast, 
glioma-derived microglia were inefficient in diminishing 
the sphere-forming ability of BTICs, but amphotericin B 
enhanced microglial reduction of BTIC spheres [141]. 

Tumor microglia and macrophages are the most 
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numerous cells in malignant glioma. Glioma associated 
microglia derives from macrophages resident in the CNS, 
whereas tumor macrophages originate from circulating 
monocytes [142]. Badie and Schartner demonstrated that 
tumor microglia and macrophages derived from experi-
mental glioma models can be differentiated by fluorescence-
activated cell sorting, due to the presence of CD45 and 
CD11b, but in humans, this differentiation was not possible 
[143]. Both microglia and macrophages express M1 
phenotype being able to release cytokines, phagocytate 
and present antigens; but, in gliomas, they no longer have 
an effector immune function [144]. Moreover, recent data 
suggest that microglia and macrophages promote tumor 
cells growth and migration [145]. 

Microglia and neurodegenerative diseases 

Various factors, such as: neuronal damage, environ-
mental toxins and endogenous disease proteins trigger 
neurotoxic reactive microgliosis and the chronic production 
of reactive oxygen species; these mechanisms are res-
ponsible for microglia-mediated neurotoxicity: a chronic, 
self-maintaining cycle, which causes progressive neuronal 
damage [19]. This process has been delineated as the 
common denominator in most neurodegenerative conditions. 

Since 1970s, increasing data supported the implication 
of microglia in initiation and progression of various neuro-
degenerative diseases, including Creutzfeldt–Jakob’s 
disease, AD, PD, multiple sclerosis, and Huntington’s 
disease [146]. 

Creutzfeldt–Jakob’s disease 

The etiological putative factor of this disease is 
PrPSc, an altered isoform of the prionic protein PrPc. 
Glial cells and neurons normally express on their surface 
the normal version of the prionic protein, which is 
sensitive to K proteinase; PrPSc, the altered isoform 
resulted by post-translational conversion accumulates, as it 
is resistant to K proteinase [147]; the prionic protein 
neurotoxicity depends on the presence of the activated 
microglia. The correlation between cerebral spongiform 
modifications and microglia activation was investigated by 
immunocytochemical studies and computerized analyses 
of the images; it was demonstrated that microglia plays 
no role in the initial stages of the disease; as the disease 
progresses, microglia become affected; within the grey 
matter, microglia proliferate and change their phenotype 
exhibiting atypical, contorted cytoplasmic processes, and 
containing intracellular vacuoles. Activated microglia are 
capable to produce noxious factors, which further mediate 
astroglia and neuronal injuries [148]. 

Alzheimer’s disease 

AD is the most common cause of progressive 
intellectual decline. Extracellular deposits, the senile 
plaques, consisting of insoluble Aβ proteins aggregates 
infiltrated with reactive microglia and astrocytes are the 
characteristic features of this disease. 

Pathogenetic mechanisms implicate the effects of 
the interaction between the Aβ and microglia; in vitro 
studies have demonstrated implication of the inflammatory 
response mediated by microglia in the neuronal degene-
ration; the “senile” type of AD relies on the “cytokine 

cycle”, implicated in lesion initiation and the propagation 
[149]. 

Aβ fibrillary peptides, regarded as triggering factors of 
the inflammatory processes activate microglia involving 
several mechanisms: (1) tyrosine-kinase pathway; (2) NF-
kB; (3) A chromogranin. In the tyrosine-kinase pathway 
and the NF-kB, the glial cells respond by releasing 
inflammatory mediators (i.e., TNF-α and IL-1); these 
factors exert neurotoxic effects and are responsible for 
neuronal apoptosis; there also is an increase in iNOS 
levels and a subsequent production of peroxynitrites; 
microglia activation results in the release of cathepsin B, 
a cysteinprotease, which is implicated in genesis of amyloid 
protein precursor; it is also implicated in neuronal apoptosis 
and caspase 3 activation, therefore inducing the nervous 
tissue destruction. The signaling cascade initiated by this 
peptide results in NO production and significant increase 
in glutamate release [93, 150, 151]. 

Microglia activated by Aβ (fragment 25–35) and IFN-γ 
produce reactive nitrogen intermediary products and TNF-α 
[152, 153] and initiates a sequence of inflammatory 
phenomena. Experimental data related to production of 
IL-1β, IL-6, chemokines MIP-1α, IP-10 and inhibitory 
factors IL-1Ra have demonstrated that the interaction 
between Aβ deposits and microglia induces different 
responses in cytokine production [154]. Aβ (fragment 25–
35) aggregates induce in human monocytes and microglia 
the expression of mRNA and the release of IL-1β, IL-1Ra 
and MIP-1α; contrarily, the secretion of IL-6, IL-10, 
TGFβ-1 is not stimulated. 

Similar responses can be caused by the senescence 
process. It seems there is a close relationship between 
AD’s incidence and age. Age-related microglia activation, 
as well as the increase in IL-1 expression plays an 
important role. Experimental studies indicated an increase 
in mRNA IL-1 tissular levels in individuals over 60 years 
of age, compared to young individuals; this process was 
independent of the delay in tissue post-mortem harvesting, 
sex and the presence of senile modifications [155]. 

Interaction between microglia and Aβ aggregates was 
also demonstrated by the increased affinity of these cells 
for the senile plaques compared to the regions where the 
plaques were missing in the damaged brain [156]. 

Parkinson’s disease 

The most extensively investigated hypothesis in PD’s 
etiology is the oxidative stress, which is responsible for 
the neurodegeneration in the CNS. According to this 
hypothesis, the reactive oxygen species such as O2•−, NO 
and especially hydroxyl radicals degrade dopaminergic 
components, including DNA, mitochondria, structural and 
membrane proteins, leading to dysfunctions and neuronal 
death. 

Microglia activation in the grey matter was associated 
with an increase in the iNOS expression; NO could lead 
to an increase in oxidative stress by several mechanisms: 
(1) it interacts with O2•− and forms the peroxynitric anion, 
which is further decomposed into hydroxyl radical and 
NO2, initiating lipid peroxidation; (2) it inhibits mito-
chondrial respiration releasing the iron bound to ferritin, 
which is a promoter for lipid peroxidation; (3) it increases 
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 
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toxicity and inhibits cellular respiration. Therefore, iNOS 
inhibition is a perspective target in PD’s treatment [157]. 

Multiple sclerosis 

In multiple sclerosis, microglia degrade myelin debris 
by a receptor mediated phagocytosis and lysosome activity 
[158]. NF-kB p65, normally located in the microglia nuclei 
in the white matter, is present within the demyelinated 
plaques, in macrophages nuclei in the parenchyma and 
perivascular areas; this factor activation amplifies the 
inflammatory reaction, because the action mechanism 
relies on the up-regulation of NF-kB dependent adhesion 
molecules and cytokines [56, 159]. 

Huntington’s disease 

Recent studies have demonstrated that microglia 
activation and their role in neuronal degeneration have an 
important implication in Huntington’s disease pathogenesis. 
Activated microglia accumulation in “targeted” cerebral 
areas, their relation with neurons and their role in 
accelerating complement biosynthesis, are the modern 
hypotheses taken into consideration. 

Various experiments (IHC staining, thymosin-β4 
assessment) have demonstrated that activated microglia are 
mainly located in the striated and caudate nuclei, globus 
pallidus, internal capsule, and also in the adjacent white 
matter. The large number of these cells in the cortex and 
in the striated and caudate nuclei is inversely proportional 
to the neuronal density, and the microglia phenotype 
undergoes various changes, in different zones. In the 
initial stages, the cellular processes can hardly be seen, 
but they suggest an early response of microglia towards 
the neuropil and axons modifications. In the 2nd and 3rd 
stages, in the cortex, the cellular processes come in contact 
with the pyramidal neurons apical dendrites; some of these 
are continuous with pyramidal neurons which contain 
“Huntington positive” nuclear inclusions. Reactive micro-
gliosis, the early association and proximity to degenerating 
neurons confirm microglia implication in neuronal degene-
ration [160]. 

Molecular techniques (RT-PCR, in situ hybridization) 
enabled the identification of an increase in the expression 
of classic complement pathway (C1qc chain) activators in 
microglia. These activators were: C1r, C4, C3, and their 
regulators: C1 inhibitor, clusterine, MCP (membrane 
cofactor protein), DAF (decay-accelerating factor), CD59; 
reactive microglia expressed mRNA C3 and C9 in the 
inner capsule, and mRNA C3a and C5a in the caudate 
nucleus. It was demonstrated that mRNA levels in normal 
striated nucleus is about five times lower compared to 
affected corresponding zones [161]. 

Microglia and psychiatric disorders 

Recently, new insights in microglia function suggested 
that these glial cells not only are implicated in inflammatory 
and immunological processes, but also play key roles in 
pathogenesis of psychiatric disorders. Activated microglia 
in the CNS could activate “psychological immune memory/ 
reaction”, leading to a variety of emotions and psychiatric 
symptoms, such as suicidal behaviors and psychoanalytic 
transference during interpersonal relationships [3]. 

One of the hypotheses trying to clarify the relation 

between the mind and the brain compared the mind to  
a computer. The mind is regarded as neuronal circuit 
systems including neurons and synapses, just like 
computers, which include complex metallic circuitry; and 
both the mind and computers need additional energy 
systems for appropriate functioning. A century ago, Freud 
and psychoanalytic researchers proposed a mind energetic 
model similar to the thermodynamic concept [162, 163]; 
recently, biological studies have proposed that inflam-
mation and oxidative stress have crucial implications in 
the pathophysiology of mental illnesses [164, 165]; 
however, a novel theory proposes microglia as the energetic 
source and the brain modulator [166]. 

The pathophysiology of psychiatric disorders has been 
regarded as being dominated by disturbances of the 
neuronal circuit via neurotransmitters abnormalities due to 
inflammation, oxidative stress and immunological distur-
bances [167]. Yet, recent histological and brain imaging 
studies have reported microglial cells activation in the 
brain of people suffering of schizophrenia, depression, and 
autism [168–170]. Microglia become activated under the 
influence of immunological and inflammatory activators, 
but also because of various stressful life events. Activated 
microglia release various mediators (e.g., pro-inflammatory 
cytokines and oxidative stress-derived free radicals), which 
may cause brain pathologies such as decreased neuro-
genesis, neuronal degeneration, and white matter alterations 
[171]. Moreover, it was demonstrated that psychotropic 
drugs not only influence neuronal synapses, but also 
suppress microglial activation. All these data sustain the 
theory regarding the contribution of microglia to the 
pathophysiology of psychiatric illnesses [172]. 

Data reported by animal studies demonstrated that 
microglia can be activated not only by inflammatory 
mediators, but also under stressful conditions, such as: 
physical stress [173, 174], psychosocial stress and social 
isolation [175], chronic restraint stress [176] and social 
defeated situations [177]. Human post-mortem studies on 
the brain of suicide victims revealed microglial activation 
[169], demonstrating that microglia is responsible not 
only for physical disturbance but also for emotional 
disturbance. 

Animal studies have demonstrated that microglia 
control neuronal synapses via direct connections [178] 
and contribute to brain development by synaptic pruning 
[179]; microglia become activated due to neuronal stimuli 
in response to both physical and psychological stress 
and induce synaptic changes. The degree of microglial 
activation depends on stress intensity: normal daily stress 
induces a moderate activation, but a severe psychological 
stress results in an over-activation of microglia and an 
ensuing increased release of inflammatory cytokines 
and free radicals in the brain; thus, neuronal and glial 
networks are damaged, and novel networks will form. 
Additionally, following such a severe stress, microglia 
remain in a pre-activated state for a long time, and when 
new stimuli, similar to the previous severe one, occur, 
microglia become over-activated again. This phenomenon 
was defined as “psychological immune memory” and 
might explain the numerous psychological and psycho-
pathological mechanisms (e.g., transference and repeated 
emotional or behavioral reactions) [3]. 
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It was hypothesized that microglia might modulate 
personality and social behaviors; recent studies tried to 
demonstrate this hypothesis using Minocycline. Rodent 
models have proved that Minocycline, a tetracycline 
antibiotic, is the most effective microglial inhibitor in 
both stressful states and in normal conditions [180]. 
Watabe et al. investigated the effect of orally administered 
Minocycline on human social decision-making by trust 
game in healthy adult males; this trial suggested that 
microglial activation may alter the ability to make 
appropriate social decisions, but Minocycline-induced 
microglial inhibition had contrary effects [181]. Another 
trial, conducted by Kato et al. demonstrated that, in the 
placebo group, the decision-making was mainly modulated 
by cooperativeness, whereas Minocycline led to more 
situation-oriented decision-making, and state anxiety 
and trustworthiness were the main factors influencing 
decisions in the Minocycline group [182]. 

Microglia dualistic neuroprotective and neurodege-
nerative role in various neuropathological conditions can 
be translated in psychological disorders by the “trophic” 
function in the life instinct and the “destructive” function 
in the death drive. 

Kato and Kanba presented a microglial theory of 
unconscious mind suggesting that the two drives have 
the same origin: microglia are alternately good and bad 
personages in the brain [3]. Moreover, the direction of 
microglial activation may be the origin of the two 
essential drives described by Freud: life (eros) and death 
(thanatos); therefore, the existence of two-directional 
microglia induces ambivalence: the dilemma between 
the two emotions [3]. 

However, even if microglial activation itself does not 
give rise to emotional reactions, it could be one of the key 
factors of the unconscious-derived emotions. Appropriate 
microglial activation induces positive emotions: happiness, 
creativity and mindfulness, whereas maladaptive microglial 
activation leads to negative states: aggression, anxiousness, 
fearfulness, and envy. 

Even though numerous questions remain unanswered, 
the newly insights on microglia as the key player in both 
physiologic and pathologic processes might build a bridge 
between the brain and the unconscious mind, inter-
connecting neuroscience, psychiatry, psychology and 
psychoanalysis. 

 Animal study and cell cultured microglia 

Literature data provides over 15 000 studies regarding 
microglia and a great amount of information has been 
gathered regarding the insight of this glial cell [1, 183]. 
Anyhow, there are inadvertencies and challenges regarding 
the human microglia, due to the research methods employed 
(the vast majority of studies were conducted either on 
laboratory animal models or in vitro cell cultures) and 
there is the possibility that some reported data might not 
be reliable [5, 19, 184, 185]. 

Potential differences in human brain versus rodent 
models makes the study of microglia in human cells and 
tissues imperative. According to neuroscientists Smith 
and Dragunow, some aspects discovered in rodents are 
not applicable to men: important molecules are expressed 

only by mouse microglia (e.g., the IFN-γ receptor), or 
have a significant higher expression in mice compared 
to humans (e.g., the toll-like receptor 4); mice microglia 
die when exposed to valproic acid, but in humans do 
not; in mice induced AD’s, microglia is responsible for 
brain degeneration by phagocytizing healthy neurons, 
but in humans they initially play a presumed protective 
role [5, 183]. Other limitations on the same theme were 
added by neuroscientists Watkins and Hutchinson, who 
considered that the prelevation of microglia from the 
first-trimester abortions brain could give rise to errors; 
firstly, the procedures used for collecting, packaging and 
processing the brain samples could alter the post-mortem 
tissue; secondly, there is the issue of age: microglia are 
immature in the first trimester, since they undergo essential 
molecular changes in late fetal developmental stages 
and after birth; finally, the most important problem is 
variability: brain specimens can be very different from 
one fetus to another and studies usually do not afford to 
include a significant number of samples, because they 
are quite expensive [5, 185]. 

Although the cell cultures represent a very up to date 
procedure for the evaluation of microglia roles in patho-
logical circumstances, there are some limitations, since 
all these studies reveal only one cell phenotype simulating 
a physiological or pathological condition; furthermore, 
these models frequently lack the microenvironmental 
interactions with neurons and astrocytes [19]. Also, the 
addition of different growth factors as M-CSF and GM-
CSF with cytokines (IL-3) or commercial supplements 
(B27, N2) may influence the expression of the micro-
glial markers [14]. 

 Conclusions 

Overall, microglial cells fulfill an astonishing variety 
of essential tasks within the CNS, mainly related to both 
immune response and homeostasis maintenance; the past 
20 years have brought spectacular gain in knowledge  
on microglia biology and functions, together with a 
continuous pursue in developing new treatment schemes 
and directions in promoting health. The ideal therapeutic 
approach in neurodegenerative disorders driven by over-
activated microglia would involve, in most scientists 
opinion, prevention rather than the complete elimination 
of microglial response; an early detection (through in vivo 
imaging) and treatment (anti-inflammatory therapy) of 
microglial executive profile, will possibly induce an early 
attenuation of the microglial activation to no longer 
harmful levels. The continuous technological advances 
offer this opportunity as well as the possibility to initiate 
and monitor the treatment during an optimal therapeutic 
window. 
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