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Abstract
Microglia are the resident tissue macrophages of the central nervous system (CNS). Recent findings point out that in the

steady state the major role of microglia, is to instruct and regulate the correct function of the neuronal networks and different

components of the neurovascular unit in the adult CNS, while providing immune surveillance. Paradoxically, during CNS infec-

tion immune activation of microglia generates an inflammatory milieu that contributes to the clearance of the pathogen but

can, in the process, harm nearby cells of CNS. Most of the knowledge about the harmful effects of activated microglia on CNS

has arisen from studies on neurodegenerative diseases. In this review we will focus on the beneficial role and detrimental

functions of microglial cells on the neighboring cells of the CNS upon infection.
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Introduction
Microglia are the resident tissue macrophages of the CNS and
are cells that belong to the innate immune system. Since its
discovery, the immunological role of macrophages have
focused on their phagocytic activity (Tauber, 2003) which is
central not only for host defense but also for various house-
keeping functions, such as the removal of apoptotic cells
and the remodeling of the extracellular matrix (ECM).
Ongoing research has started to point out a much more
general role of macrophages in vertebrate biology, including
their roles in cold adaptation, systemic metabolism, tissue
homeostasis and development (Gordon et al., 2014; Wynn
et al., 2013). The normal development and function of some
tissues and organs is critically dependent on macrophages
that reside in these organs (Gordon et al., 2014; Wynn
et al., 2013), microglial cells in CNS. As with any other
tissue macrophage, microglia were considered to be in a
resting state in the healthy CNS, while CNS infection and
inflammation caused activation of these cells to a professional
phagocyte that either resolves these situations, or potentially
induces a pathological process. Here, we will briefly discuss
the homeostatic functions of microglia and the impact that
microglia have in the well-being of the different CNS cells.
Moreover, we will summarize the current state of art of the

never resting microglia, focusing on how microglia immune
activation upon infection creates an inflammatory milieu
that while defending CNS from invading pathogens can
damage surrounding tissues.

The Surveying Never Resting Microglia
Keeping the Homeostatic State of the CNS
Microglia have important homeostatic functions in the adult
CNS (Hanisch & Kettenmann, 2007; Tremblay et al., 2011).
This cells participate in CNS development and homeostasis
by regulating neural cell numbers, migration of interneurons,
as well as promoting connectivity, synapse formation, and
pruning (Thion et al., 2018) (Figure 1). Also, microglia are
considered the first line of immune defense in the brain by
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monitoring the brain parenchyma under homeostatic condi-
tions and resolving cerebral insults (Aloisi, 2001). This mul-
tifunctional task is accomplished by performing four major

defined functions: i) phagocytosis of apoptotic neurons, ii)
trophic support of developing neurons and other cells glial
cells, iii) guidance of the developing vasculature of the

Figure 1. Physiological functions of microglia. (A) Phagocytosis of apoptotic neurons. Apoptotic neurons release “find-me” signals which
attract microglia and expose in their surface “eat-me” signals stimulating microglial phagocytosis. (B) Phagocytosis of viable neural progenitor

cells. Microglia phagocytoses viable neural progenitor cells in a direct manner, without inducing apoptosis. (C) Trophic support of

proliferation, survival and differentiation of neural and other glial progenitor cells. Microglia secrete trophic factors that promote

neurogenesis, astrogenesis and oligodendrogenesis. (D) Refinement of synaptic formation and pruning. Microglia regulate the extension of

synaptic networks through phagocytosis during CNS development, as well as in the adult CNS.

Figure 2. Microglial immune receptors. Microglia recognize, through different pattern recognition receptors (PRRs), microorganisms that

are capable of invading the CNS parenchyma. (A) Toll-like receptors (TLR) sense PAMPs expressed in microorganisms. TLR activation leads

to the enrollment of the adaptor MyD88 and the consequent activation of MAPK that triggers the translocation to the nucleus of the

transcription factor NF-κB, promoting the expression of many inflammatory cytokines and the precursor forms of IL-1β and IL-18. (B)

Nod-like receptors (NLR) are cytosolic receptors that oligomerize, and together with adaptor proteins form the inflammasome. This

multi-subunit complex activates caspase 1 (CASP-1) enzyme, which produce the proteolytic cleavage of pro-IL-1β and pro-IL-18 to their

mature forms that are then released to the extracellular milieu. (C) GMP-AMP synthase (cGAS) is a cytosolic receptor that recognizes

double-stranded DNA. The activation of cGAS produces the second messenger cGAMP, which binds to STING in the ER and promotes

downstream IFN-β expression via IRF-3.
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CNS, and iv) support and refinement of developing neural cir-
cuits (Figure 1). The main mechanisms for these functions are
phagocytosis and cell-to-cell communication through direct
intercellular contacts or via soluble mediators.

Microglia contributes substantially to adult neurogenesis
at several areas of the healthy CNS (Norris & Kipnis, 2019;
Sato, 2015; Sierra et al., 2014). Neurogenesis is influenced
by microglia by exerting suppressive (Figure 1 A, B) or sup-
portive functions (Figure 1 C, D). Microglia can also con-
tribute to neural repair and regeneration through
phagocytosis and the production of immune-regulatory
mediators such as IL-1β, IL-6, TNF-α and interferon
(IFN)-γ, as well as neuronal growth factors such as insulin-
like growth factor 1 (Figure 1 C-D) (Lannes et al., 2017). In
addition, microglial cells stimulate the formation of new
spines in the cortex by secreting brain-derived neurotrophic
factor (Parkhurst et al., 2013) (Figure 1 D). Interestingly,
the commitment of microglial specific pathways could
also drive the modulation of synaptic activity. For instance,
fractalkine signaling pathway regulates excitatory synaptic
transmission and plasticity (Rogers et al., 2011) but also
Toll-like receptor (TLR) 4 signaling controls glutamate
release of presynaptic fibers through the astrocyte mobiliza-
tion (Pascual et al., 2012). These findings have led to the
contention that microglial cells scrutiny but also control
synaptic and neuronal activity in the healthy adult brain
(Tremblay et al., 2011). These observations also suggest
that the profound changes in microglia phenotype that
take place upon the occurrence of an infection or a patholog-
ical condition will have two consequences: i) the loss of the
constitutive influence of surveying microglia on homeosta-
sis and ii) the emergence of new functions related to the
immune nature of these cells.

Immune Functions of Microglia

Immune Receptors of Microglia
Microglia recognize a wide array of pathogens that can invade
the CNS as bacteria, viruses, parasites and fungi. They are
armed with a vast repertoire of pattern recognition receptors
(PRRs) that include mainly TLRs and Nod-like receptors
(NLRs); along with a vast array of phagocytic receptors,
which function together to sense and eliminate microbes
that invade the CNS parenchyma. PRRs sense
pathogen-associated molecular patterns (PAMPs) which are
highly conserved microbial motifs, such as lipopolysaccha-
ride (LPS) or viral nucleotides, as well as danger-associated
molecular patterns (DAMPs) such as amyloid (Aβ) or cyto-
solic proteins released from necrotized cells; and as a result,
they elicit the production of inflammatory mediators from
microglia (Hanamsagar et al., 2012). TLRs detect PAMPs
expressed on a wide variety of microbial pathogens (Kawai
& Akira, 2010). Most of TLR engagement leads to the recruit-
ment of MyD88 and subsequent NF-κB and MAPK-mediated
transcriptional activation of inflammatory mediators (Brown
et al., 2011) (Figure 2A). NOD-like receptors (NLRs), partic-
ularly NLRP1, NLRP3, and NLRC4 in microglia, are cyto-
plasmic receptors that oligomerize to form a platform
known as inflammasome, a multi-protein complex that
finally cleaves pro-IL-1β and pro-IL-18 into their mature
forms via caspase-1 (CASP-1) action. Among them, the
most abundant inflammasome present in the CNS is NLRP3
(Katuri et al., 2019). Both, TLRs and inflammasomes recep-
tors act in concert in a two-signal model. Ligand binding to
TLR induces the expression of pro-IL-1β and pro- IL-18,
after which NLR-dependent activation of CASP-1 regulates
their proteolytic processing and release (Franchi et al.,
2009) (Figure 2B). Cytosolic double-stranded DNA can also
activate an innate immune response. It is recognized by
GMP-AMP synthase (cGAS) (Paludan & Bowie, 2013),
which produces cyclic-GMP-AMP (cGAMP), a second mes-
senger, which in turn activates downstream STING. This sig-
naling pathway ultimately leads to IFN-β production via
IRF-3 (Sun et al., 2013) (Figure 2C).

Phagocytosis is a well-controlled process that requires the
activation of several non-redundant signaling pathways that
recognize different molecules on the target cell surface
(Ravichandran, 2011) (Figure 3). These molecules, also
called “eat-me” signals, are recognized directly by phagocytic
membrane receptors, or by the interaction with bridge pro-
teins, that are then recognized by a phagocyte receptor.
Phosphatidylserine (PS) is one of the best characterized
“eat-me” signal. It normally resides in the inner leaflet of
cell plasma membrane, but it is exposed on the surface of apo-
ptotic or damaged cells (Ravichandran & Lorenz, 2007). This
exposed PS binds to its receptors or connective molecules and
triggers phagocytosis on macrophages, including microglia.
Two receptors that recognize PS have been identified: TIM4

Figure 3. Microglial phagocytic receptors. Microglia express

several membrane phagocytic receptors that recognize different

target molecules (“eat-me” signals) on apoptotic or live damaged

neurons. The recognition can be direct or mediate by the

interaction with bridge molecules. LacNac, N-acetyl-lactosamine;

PE, phosphatidylethanolamine.
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and BAI. In addition to this, various adaptor molecules facil-
itate ingestion of cells through PS binding: Gas6, MFG-E8,
β2-GPI and annexin V (Sierra et al., 2013). The connective
molecules are bridge proteins with two binding domains,
the first one binds to PS and the other one binds the phagocyte
receptor (Li, 2012). One of the best characterized bridge
PS-binding protein is MFG-E8 (lactadherine), which recog-
nizes PS through its C-terminal domain and binds to integrins
αvβ3 or αvβ5 (vitronectin receptor, for example) through
N-terminal RGD motifs (Akakura et al., 2004). Another sig-
naling pathway that initiates phagocytosis involves the recog-
nition of N-acetyl-lactosamine by Galectin 3 (Gal-3), which is
secreted by activated phagocytes and binds to MerTK recep-
tor. This important phagocytic receptor belongs to the family
of tyrosine kinase receptors TAM that was recently involved
in phagocytosis of neurons by microglia (Nomura et al.,
2017).

In addition to non-protein molecules, membrane-bound
proteins can act as “eat-me” signals. The expression of calre-
ticulin is increased in apoptotic or damaged cells, which leads
to its recognition by the LRP receptor (low-density lipopro-
tein receptor-related protein, CD91), although phagocytosis
mediated by this route seems to depend on the exposure of
PS in the damaged cell (Fricker et al., 2012a; Gardai et al.,
2005). Other receptors that have been reported to be involved
in phagocytosis are mannose receptors, scavenger receptors,
sialic acid binding immunoglobulin-like lectins (Siglecs)
and TREM-2. The last one can bind to LPS, peptidoglycan,
lipotheicoic acid (LTA), and other molecules that they have
repeated anionic residues (Daws et al., 2003; Wang et al.,
2015; Yeh et al., 2016). Recently, it was described that
TREM-2-dependent signal transduction in response to apo-
ptotic neurons is mediated by aminophospholipid ligands,
PS and phosphatidylethanolamine, which are exposed on apo-
ptotic cells (Shirotani et al., 2019). Activation of TREM-2 led
to phagocytosis of apoptotic cell debris (Fu et al., 2014).
Other receptors involved in the fine regulation of phagocyto-
sis are the FcγR and the complement receptors. FcγR (I, II and
III) bind the constant fragment of immunoglobulins.
Complement receptors CR1, CR3, and CR4 bind the compo-
nent C3bi, while C1qRp binds C1q (Aloisi, 2001). Activation
by ligands of CR1, CR3 and FcγR trigger phagocytosis of
opsonized targets in vitro. C1qRp activation enhances FcR-
and CR1-mediated phagocytosis. Moreover, signaling
through CR3 and FcγR may also enhance microglia
pro-inflammatory and cytotoxic functions as secretion of
pro-inflammatory cytokines and reactive oxygen species/
nitric oxide (ROS/NO) (Aloisi, 2001) (Figure 3).

On the other hand, microglia also express siglecs receptors,
which bind to sialilated ligands on neurons or CNS tumor
cells (Linnartz-Gerlach et al., 2014), modulating the activa-
tion of microglia and thus also phagocytosis activity.
Microglial phagocytosis also is modulated by LRP, signal-
regulatory protein alpha (SIRPα, CD172a) and TREM-2
(Gitik et al., 2011; Hadas et al., 2012; Yang et al., 2016).

Other kind of receptors, the purinergic receptors, recognize
chemotactic signals called “find me” signals. Professional
phagocytes, as microglia, are mobile and are constantly
patrolling tissues in search of dead or damaged cells. ATP
and UDP nucleotides are the best characterized “find me”
signals released by damaged cells (Ravichandran, 2011).
ATP and UDP released by these cells generate a gradient
for microglial chemotaxis that recognizes them through
their purinergic receptors. P2Y6, P2Y12, P2X4 and P2X7 are
expressed by microglia. ATP and UDP are agonists of
P2Y6. UDP-stimulated microglia changed their morphology
extending microglial processes, filopodia-like protrusions
and phagosome-like vacuoles, increasing the phagocytosis
activity (Koizumi et al., 2007). P2Y12 and P2X7 receptors
are responsible of ATP responses. Using KO mice of both
receptors it was showed that P2Y12 is involved on microglia
recruitment in vivo (Fekete et al., 2018).

The Positive side of Microglial Immune Responses
After pathogen ingress through the endothelial barrier, micro-
glia are the first line of defense (Forrester et al., 2018). In
response to pathogeńs infection, activated microglia produce
pro-inflammatory mediators, including NO/ROS, cytokines
and chemokines; and increase their phagocytic activity. One
immune key role of microglia activation during CNS infection
is the recruitment and subsequent activation of infiltrating
immune peripheral cells, such as granulocytes (neutrophils,
eosinophils, and basophils), monocytes and lymphocytes,
The recruitment of these inflammatory cells is the most
common manifestation of neuroinfectious diseases, which
mediate local resistance to viral, bacterial and parasitic organ-
isms within CNS (Klein & Hunter, 2017). Most data on acti-
vated microglia is about the immunopathology caused by
these cells during activation, but this immune response can
be also beneficial to the host, executing the control and clear-
ance of the pathogen.

Microglia can be infected by several virus such as herpes
simplex virus (HSV) (Chen et al., 2019), human immunode-
ficiency virus type 1 (HIV-1) (Chen et al., 2019) and Zika
virus (ZIKV) (Lum et al., 2017), among others.
Virus-activated microglia have shown to play an important
role in immune defense against viruses. Mice infected with
HSV show an increase of microglia number at 6 days post-
infection. These microglia surround HSV-infected neurons.
Stressed infected neurons seem to release ATP since it has
been described that there exists a reduction of more than
50% in the numbers of microglia recruited to infected
neurons when P2Y12 KO mice were employed, indicating
that microglia are recruited around the infected neurons via
P2Y12 signaling. Interestingly, P2Y12-deficient microglia
has a decreased amount of CD68+ phagolysosomes compared
with normal mice, which indicates that P2Y12 is essential for
the phagocytic activity of microglia (Fekete et al., 2018). This
phenomenon was also present in human patients. Brain
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specimens of patients with HSV encephalitis shows that
P2Y12-positive microglia processes extend to HSV-positive
neurons, and there are many activated microglia around
each infected neuron (Fekete et al., 2018). The same study
demonstrated in vivo that if mice were depleted of microglia,
there were an increase in the number of HSV-infected neurons
and viral proteins inside neuronal cells were higher than
control mice, showing the importance of microglia in the
clearance of HSV infection of CNS (Fekete et al., 2018).
According with this, viral loads were higher in microglia-
depleted mice and they succumb to infection earlier.
Besides, rapidly deteriorating neurological symptoms may
be associated with significantly increased neuronal infection
(Chen et al., 2019). Importantly, it seems that cGAS-STING
and TLR3 are the receptors involved in HSV infection
control in the CNS (Chen et al., 2019). Moreover, TLR3 sig-
naling pathway is critical in mediating resistance to HSV
encephalitis in mice and in humans (Klein & Hunter, 2017).
A recent work has confirmed that microglia are the main
source of HSV-induced type I IFN, which is induced in a
cGAS-STING-dependent manner. Brains of mice lacking
cGAS and STING have higher viral load and viral spreading
throughout the brain parenchyma (Reinert et al., 2016).

The mouse model of vesicular stomatitis virus (VSV)
encephalitis demonstrated that infected microglia produce
type I IFN and activate innate immunity which limits the
trans-synaptic spread of VSV (Drokhlyansky et al., 2017).
Interestingly, the same model has shown that upon intranasal
VSV infection activated microglia aggregate in the olfactory
bulb. It was shown that microglia accumulating around the
olfactory bulb form a natural immune barrier that plays a crit-
ical role in limiting the spread of VSV in the CNS and pre-
vents lethal encephalitis. VSV-infected mice have higher
viral load in microglia-depleted brain and display higher mor-
tality, indicating that microglia is crucial to limit the spread of
VSV (Chhatbar et al., 2018). Also, early depletion of micro-
glia in a model of murine hepatitis virus resulted in increased
mortality while later depletion (after six days post-infection)
had no influence on survival (Wheeler et al., 2018).

Cytomegalovirus-activated microglia suppresses viral rep-
lication in astrocytes by secreting IFN-γ and TNF-α, also
attract T-cell by CXCL10/IP-10 action (Rock et al., 2004).
Interestingly, single-cell analysis of neuro-inflammatory
responses following intracranial injection of rabies viruses
have revealed distinct states of microglia activation that
may serve different functions, which range from surveillance
to antigen presentation and cytokine secretion. Among the
later, antiviral responses are orchestrated by Type I and
Type II IFN signaling from microglia (Huang & Sabatini,
2020). Microglia can also affect the adaptive immune
response of the CNS. Depletion of microglia changes the
response of CD4+ T cell to viral infection in the brain, since
MHC II is required for re-stimulation and activation of
CD4+ T cells. A decrease in MHC II as a result of microglial
depletion has been shown to reduce the response of

virus-specific CD4+ T cells (Wheeler et al., 2018). Also,
during dengue virus infection it has been described a
reduced CD8+ T cell response and increased viral replication
as a consequence of pharmacological deletion of microglia,
demonstrating a functional role for microglia in modulating
this cell population (Tsai et al., 2016).

With respect to bacterial infections, Streptococcus pneu-
moniae activates microglia throughout TLR2. As conse-
quence, microglia secrete pro-inflammatory mediators and
recruit neutrophils, monocytes, and T-cells from periphery
to the infection site. It has been reported that TLR2 and
MyD88 KO mice shown increased bacterial burdens and
symptoms of more severe disease (Hanamsagar et al., 2012;
Koedel et al., 2004). Moreover, IL-1β appears to be critical
to pathogen containment and host survival during bacterial
abscess formation in the CNS parenchyma (Kielian et al.,
2004). Also, microglia are capable of exerting antimicrobial
activity per se, for example, by secreting the antimicrobial
cathelicidin peptide LL-37, that plays an important role in
the innate immune response against CNS pneumococcal path-
ogens (Brandenburg et al., 2008). During Staphylococcus
aureus CNS infection microglia recruit leukocytes into the
CNS to facilitate bacterial clearance during abscess develop-
ment (Mariani & Kielian, 2009; Rock et al., 2004). It has
been demonstrated in in vitro assays that primary microglia,
as well as different microglia cell lines, were able to internal-
ize and kill S. aureus (Kielian et al., 2002). Gram-negative
bacterial meningitis is caused principally by Neisseria menin-
gitidis and Haemophilus influenza. The principal compound
of gram-negative bacterial wall is LPS, a TLR4 ligand. LPS
is a potent stimulus for the microglial production of cytokines,
chemokines, prostaglandins and NO (Rock et al., 2004).

Microglia has also been vindicated as an active participant
in host defense against parasites that invade CNS. In the
murine model of toxoplasmosis microglia are strongly acti-
vated, showing up-regulation of MHC class I and II mole-
cules, and other antigens such as CD200, CD11a, CD11b;
and secrete cytokines and chemokines (Schluter &
Barragan, 2019). Once in the CNS, CD4+, CD8+ T-cells
and NK cells, work together with microglia to suppress
Toxoplasma gondii proliferation, mainly by IFN-γ and
TNF-α action (Chao et al., 1994). In addition, the anti-parasite
effects of activated microglia are due to NO-mediated inhibi-
tion of T. gondii intracellular replication, as the use of NO
inhibitors abrogated the inhibitory effect (Chao et al., 1993).
All together, these data suggest that microglia activation is
beneficial for T. gondii clearance from CNS. Interestingly,
experimental placement of Trypanosoma brucei into the
brain results in rapid death of the parasites. This data is con-
sistent with microglia activation in response to trypanosomes
(Figarella et al., 2019). These authors speculated that the
latency of human brain infection, that is the appearance of
neuronal infection at late T. brucei disease stage, could been
reflecting the ability of microglia to destroy parasites that
occasionally cross the BBB (Figarella et al., 2019). Also
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cerebral leishmaniasis as well as T. cruzi CNS infections can
occur, but are largely controlled by the immunity in the brain,
although the actual role of microglia is unknown (Figarella
et al., 2019).

Infection with Cryptococcus neoformans on the CNS led
to MHC class II increase in perivascular microglia, showing
activation. Importantly, adaptive immune response plays a
key role in the defense, especially increasing the antifungal
activity of microglia by T-cell-secreted IFN-γ. In addition,
microglia can ingest and inhibit the growth of C. neoformans,
opsonized or not, depending on the species of microglia
(Rock et al., 2004).

Finally, microglia play a key role in limiting neuroinflam-
mation. Microglia can produce IL-27 in the inflamed CNS. In
IL-27 absence, mice infected with different pathogens as T.
gondii or Coronaviruses show elevated production of IL-17
and GM-CSF in the CNS, which correlate with the develop-
ment of T cell-mediated immune pathology (Klein &
Hunter, 2017). IL-27 can directly limit T cell production of
IL-17 and GM-CSF, and also promote T cell production of
IL-10, Treg cell responses, and T cell expression of inhibitory
receptors (Klein & Hunter, 2017). On the other hand, T.
gondii infection of microglia induces secretion of transform-
ing growth factor-β (TGF-β) which inhibits the NO produc-
tion by IFN-γ-activated microglia, promoting neuronal
viability (Rozenfeld et al., 2005). Moreover, as other regula-
tory mechanisms, it was described an indirect effect of
soluble immunoregulatory mediators released by T.
gondii-infected astrocytes which mediate neuron viability
by inhibiting NO production by IFN-γ-activated microglia
(Rozenfeld et al., 2003).

When Friends Become Enemies: Harmful
Consequences of Pathogen-Activated
Microglia on Cells of the CNS
Whatever the pathogen and the receptor involved in its recog-
nition, the activation of the microglia leads, not only to the
defense and elimination of the pathogen itself, but also to
the damage of brain tissue and cells. Thus, beyond their
roles in physiological conditions, microglia contribute to neu-
roinflammation in response to injury, stroke and infection
(Aloisi, 2001; Kugler et al., 2021). They act as primary initi-
ators of the inflammation cascade by increased reactivity and
the secretion of factors such as chemokines (Karve et al.,
2016).

Changes in Permeability and BBB Disruption due to
Pathogen Activation of Microglia
BBB integrity is necessary to protect the brain from sys-
temic toxins and germs, as well as to maintain the necessary
level of nutrients for normal neuronal function. BBB activa-
tion or dysfunction is a significant contributor to the

pathogenesis of a variety of brain pathologies (Almutairi
et al., 2016).

Pro-inflammatory cytokines secreted by pathogen-acti-
vated microglia, as TNF-α, IL-1β and IL-6, act on the BBB
activating endothelial cells (EC), leading to disruption of
homeostasis and increasing its permeability. They also
cause MMP secretion. MMPs have been implicated in inflam-
matory tissue destruction in several pathological situations in
different tissues, including CNS. These proteins can act
directly breaking the junctions between EC. Moreover,
MMP-9 can degrade type IV collagen, laminins and fibronec-
tin, which are structural components of the BBB and CNS
tissue matrix, increasing BBB permeability as a consequence
(Novak & Kaye, 2000). BBB disruption occurs in patients
suffering cerebral malaria (CM) leading to severe neurologi-
cal complications like intracerebral hemorrhage and intracra-
nial edema, which finally resulted in axonal damage, CNS
dysfunction and death (Brown et al., 2001; Nishanth &
Schluter, 2019). One cause of the BBB damage is the exces-
sive intracerebral inflammation resulting from pro-inflamma-
tory cytokine response. It has been suggested that ECs are
directly activated by recognizing Plasmodium-infected red
blood cells, but microglia also recognize and phagocytize
Plasmodium-infected red blood cells; and this result on their
activation too (Shrivastava et al., 2017). Activated microglia
produce pro-inflammatory cytokines, such as TNF-α and
IL-1β that have been implicated in the pathogenesis of the
CM (Nishanth & Schluter, 2019). TNF-α and IL-1β alter
the expression of tight-junction proteins claudin-5, ZO-1,
occludin, and P-glycoprotein 1 (Landoni et al., 2012;
Ravindran et al., 2011). These cytokines also activate EC,
which release chemokines, inducing the recruitment of
immune cells to the brain. In addition, microglia secrete
CXCL10, which also participated on CD8+ T-cell recruitment
which are critical in the BBB disruption. Studies using knock-
out mice to several chemokines and their receptors have
shown a reduced pathology of experimental CM (Nishanth
& Schluter, 2019). MMP, produced by microglia and others
CNS cell in response to P. falciparum, also has been impli-
cated in BBB disruption and neuronal lost (Mariani &
Kielian, 2009).

We have described that microglia and astrocytes release
MMP-9 in response to Brucella spp. infection (Miraglia
et al., 2013). This could contribute to the disruption of BBB
in this pathology. Moreover, astrocytes and microglia infected
by B. abortus secrete IL-1β, among others pro-inflammatory
factors, throughout TLR2 activation. In addition, B. abortus
can be recognized through TLR6, inducing cell activation
(de Almeida et al., 2013). This cytokine activate brain EC,
increasing the permeability of the BBB (Miraglia et al.,
2016). In vivo injection of B. abortus in the brain of mice
lead to an inflammatory infiltrate (Miraglia et al., 2016;
Samartino et al., 2010), and this was dependent of microglia
and astrocytes IL-1β secretion, since mice deficient in ASC
and NLRP3 KO (that are unable to produce IL-1β) exhibit
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less leukocyte infiltrate in the CNS (Miraglia et al., 2016). On
the other hand, B. abortus traverse the BBB and access to the
CNS by the Trojan horse mechanism, within an infected
monocyte (Miraglia et al., 2018). Therefore, this evidence
would indicate that a breakdown of BBB and chemokine
secretion by microglia would lead to monocytes and other
infected immune cells to migrate into the CNS, generating a
feedback that would perpetuate infection (Rodriguez et al.,
2019).

Microglia secrete NO in response to different pathogens
such as B. abortus (Rodriguez et al., 2017), group B
Streptococcus (GBS) (Lehnardt et al., 2006), as well as
when they are activated by PAMPs (Chao et al., 1992;
Neher et al., 2011). High levels of NO have a key role in
BBB dysfunction. NO acts by different mechanisms. NO
form highly active nitrides, as peroxynitrite and nitrate,
which result in the production of nitrotyrosine which causes
lipid peroxidation and cell damage. On the other hand, NO
is a vasodilator and it can increase permeability of BBB,
allowing the influx of immune cells to CNS, generating
damage in the CNS parenchyma (Liu et al., 2019; Rock
et al., 2004). Brain ECs exposed to hypoxic conditions dem-
onstrated an increased paracellular permeability that was sig-
nificantly attenuated by inhibition of NOS (Mark et al., 2004).
In addition, NO diffuses through endothelial cell membranes
to activate soluble guanylyl cyclase, a cytoplasmic enzyme
that produces cGMP, which regulates cGMP-dependent
protein kinase, which is cytoskeleton-associated and indi-
rectly led to changes on BBB functions and disruption by
NO (Chen et al., 2003).

Finally, direct LPS treatment of ECs monolayer showed no
effect on permeability, however, when the LPS treatment was
performed on co-cultures of ECs plus microglia, permeability
was increased and this was dependent on the amount of
microglial cells in culture (da Fonseca et al., 2014). In
support of this, LPS-activated microglial disrupt tight junction
proteins ZO-1 and claudin-5, decreasing trans-endothelial
electrical resistance of an endothelial monolayer in vitro
(Sumi et al., 2010) and triggering endothelial cell injury
(Kacimi et al., 2011). Furthermore, LPS administration in
rodent induces BBB leakage and neutrophil recruitment via
TLR4-expressing microglial cells (Zhou et al., 2006)
(Table 1).

Neuronal Demise Induced by Pathogen-Activated
Microglia
There are different reports describing several inflammatory
mechanisms generated by microglia in response to an infec-
tious process that induce neuronal death instead of host
defense. First, neuronal damage can be induced by
microglia-released factors. It was described neuronal loss as
a consequence of microglia release of factors such as NO
(Chao et al., 1992; Dawson et al., 1991; Lehnardt et al.,

2006), IL-1β, IFN-γ (Hu et al., 1997), TNF-α (Medana
et al., 2000; Takeuchi et al., 2006; Venters et al., 2000),
MMPs (Thornton et al., 2008) and others. Lehnardt and col-
laborators have deepened the study, describing neuronal apo-
ptosis generated by microglia-secreted NO by
TLR2-recognition of Group B Streptococcus antigens
(GBS). They observed neuronal apoptosis in co-cultures of
neurons and microglia, and this neuronal apoptotic death
was abrogated by using aminoguanidine, an NO inhibitor,
and using TLR2-deficient mice (Lehnardt et al., 2006).
Among cytokines, it has been described the neurotoxic
effect of IL-1β and IL-1β+ IFN-γ combination, that act indi-
rectly by induction of NO release in glia/neurons mixed cul-
tures (Hu et al., 1997). Pathogen-activated microglia secrete
TNF-α, a cytokine that induces neurodegeneration by
several mechanisms. TNFR1 (p55) is a very well character-
ized receptor, which has ability to induce signals that led to
cellular death by apoptosis (Venters et al., 2000). Other mech-
anism whereby TNF-α secreted from activated microglia may
mediate neuronal death is glutamate secretion. LPS-activated
or TNF-α-stimulated microglia secrete glutamate. This gluta-
mate induces neuronal death throughout NMDA receptor,
inducing a drop on intraneuronal ATP levels and mitochon-
drial dysfunction. Neuronal death was inhibited by
anti-TNF-α, anti-TNFR1 or anti-NMDA antibodies
(Takeuchi et al., 2006). Using a murine model of CM,
which exhibits neurological alterations that are similar to
human pathology; it has been shown the importance of micro-
glia in malaria CNS pathology. Microglia activation occur 2–
3 days post-inoculation of parasites, before symptoms appear.
Mice treated with dexamethasone, which inhibits TNF-α
secretion by activated-microglia, showed less
microglia-activation which correlate with less neurological
symptoms (Medana et al., 2000; Rock et al., 2004).
Pathogen-activated microglia can secrete MMP-2 and
MMP-9. It has been described a neurotoxic effect of
MMP-9 in glial–neuronal co-cultures, which was abrogated
using a MMP-9 inhibitor (Thornton et al., 2008). Analyzing
histopathological features of patients with HIV-associated
neurocognitive disorders (HAD), it was observed that the
number of activated microglia has a better correlation with
HAD degree than the presence and amount of cells infected
by HIV in the brain parenchyma, and that activated microglia
is a better marker of neuronal damage than productive HIV-1
infection in the CNS (Glass et al., 1995). These data highlight
the importance of activated microglia in HAD disease (Rock
et al., 2004) (Table 1).

Cell-to-cell contact is another important factor that has
been vindicated in the induction of neuronal death by acti-
vated microglia (Myers et al., 2009; Neher et al., 2012;
Rodriguez et al., 2017). This is the case of neuronal apopto-
sis mediated by microglia activated by Borrelia burgdorferi.
Although it was observed that microglia are capable of
secreting multiple soluble factors, using transwell inserts to
separate microglia from neuron, the authors observed that
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contact between cells is required for infected microglia to kill
neurons (Myers et al., 2009). In recent years, a peculiar
cell-to-cell contact mechanism implicated in the death of
neurons induced by activated microglia during inflammation
of the CNS has been described. It is named primary phago-
cytosis or phagoptosis (Figure 4). This mechanism involves
the phagocytosis of live but stressed neurons by activated
microglia (Brown & Neher, 2012, 2014), and is opposed to
the traditional secondary phagocytosis of neurons that have

been killed by apoptosis and latter are phagocytosed.
Activation of microglia by different PAMPs, such as LPS
or LTA, lead to neuronal death by primary phagocytosis
(Fricker et al., 2012a, 2012b; Neher et al., 2012). In these
works, authors elegantly demonstrate that this mechanism
require cell-to-cell contact. Neurons expose to low levels
of NO and ROS expose in their membrane PS, as mentioned
before a well know “eat-me” signal. Microglia recognizes
this PS by MFG-E8 protein, which acts as bridge between

Table 1. Detrimental Effect of Pathogen-Activated Microglia on the Neurovascular Unit.

Change in permeability and BBB disruption due to pathogen activation of microglia

IL-6
TNFα
IL-1β

Induction of MMP9

secretion

Degrade components of ECM

of BBB such as type IV

collagen, laminins and

fibronectin, increasing BBB

permeability

LPS

B. abortus
Novak & Kaye, 2000 Miraglia et al.,

2013

TNFα
IL-1β

Disrupt tight junction proteins ZO-1, claudin-5,

occludin and P-glycoprotein 1

Plasmodium spp

Shiga toxin 1

LPS

Ravindran et al., 2011 Landoni et al.,

2012 Sumi et al., 2010

IL-1β Activates brain EC, increasing the permeability of the

BBB

B. abortus Miraglia et al., 2016

NO Forms peroxynitrite and nitrate, which causes lipid

peroxidation and cell damage

Herpes simplex Rock et al., 2004 Liu et al., 2019

Vasodilator, increases permeability of BBB, allowing

CNS invasion of immune cells, generating damage

Diffuses into EC to activate soluble guanylyl cyclase, which regulates

cGMP-dependent protein kinase, which is cytoskeleton-associated and

indirectly led to changes and disruption on BBB

Chen et al., 2003

Neuronal demise induced by pathogen-activated microglia

NO
Neurotoxic effect -> Inducing apoptosis LPS / group B

Streptococcus
Dawson et al., 1991 Chao et al., 1992

Lehnardt et al., 2006

IL-1β
IFN-γ

Act indirectly by induction of NO release in glia/

neurons mixed cultures

Hu et al., 1997

TNFα TNFR1 (p55) is a very well characterized receptor,

which has ability to induce signals that led to

cellular death by apoptosis

Plasmodium spp Medana et al., 2000 Rock et al., 2004

Induces glutamate secretion -> Inducing a drop on

intraneuronal ATP levels and mitochondrial

dysfunction

LPS Venters et al., 2000

MMP-9 Neurotoxic effect Thornton et al., 2008

Cell-to-cell contact Primary Phagocytosis (For more detail see

Figure 4)

LPS / LTA

B. abortus
Neher et al., 2012 Rodriguez et al.,

2017

Effect of pathogen-activated microglia on oligodendrocytes
Glutamate TNFα

IL-1β NO
Generate damage Poor quality of myelin LPS Peferoen et al., 2014 Pang et al., 2003

Sherwin & Fern, 2005

TNFα
IL-1β

Contribute to oligodendrocytes and myelin damage

IL-1α,
TNF-α
C1q

Induce astrocyte

activation

Oligodendrocyte damage

and death

IL-33 Induces secretion of cytokines by microglia such as

IFN-γ, TNF-α, IL-6 and IL-1β, and chemokines

such as CXCL9 and CXCL10

Plasmodium spp Reverchon et al., 2017

ECM: extracellular matrix.

EC: endothelial cells.
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PS and the vitronectin receptor located on microglia mem-
brane (Fuller & Van Eldik, 2008). This triggered phagocyto-
sis. When the interaction PS/MFG-E8/vitronectin receptor
was inhibited, neuronal death was abolished. Importantly,
neurons in the culture did not undergo apoptosis, demon-
strating that the phagocytosis was the cause of the death
but not a consequence (Neher et al., 2012). Moreover, it
has also been described that the expression of calreticulin
(CRT) on the surface of neurons, viable or apoptotic, is
required for triggering their phagocytosis via LRP receptors.
Using antibodies against anti-LRP or CRT to block this inter-
action, the phagocytosis of neurons was abolished, as well as
by using soluble CRT that blocks microglial phagocytosis of
neurons (Fricker et al., 2012a). Also, LPS-activated micro-
glia secrete Gal-3 and increase the neuraminidase 1 activity
in their cell membrane triggering the desialylation of neigh-
boring neurons to expose N-acetyl-lactosamine residues,
which can be recognized by Gal-3. Gal-3 binds to MerTK
receptor on the surface of microglia and trigger phagocytosis
(Nomura et al., 2017). In addition, recently it has been
described that adding desialylated microglia to cultures of
neurons, without neuronal desialylation, also caused neuro-
nal death. This was prevented by using CD11b blocking
antibody. Phagocytosis of neurons by LPS-activated micro-
glia was also inhibited using CD11b blocking antibody,
demonstrating that autocrine desialylation activity is neces-
sary for microglia to phagocytose neurons, stimulating
CR3-mediated phagocytosis (Allendorf et al., 2019). Yet,

the mechanism by which CR3 is involved in phagocytosis
of neurons is unknown.

Recently, we have demonstrated in vitro for the first time in
a bacterial infection that phagoptosis occurred during B.
abortus infection. As mentioned before, B. abortus access
to the brain parenchyma and it can infect and activate micro-
glia and astrocytes (Miraglia et al., 2018; Rodriguez et al.,
2019; Samartino et al., 2010). Both types of cells are able
to secrete pro-inflammatory factors such as TNF-α, IL-1β
and NO in response to bacterial infection (Rodriguez et al.,
2017; Samartino et al., 2010). Using primary cultures of
murine neurons and microglia, we have shown that B.
abortus-activated microglia kill neurons by phagoptosis. If
the recognition of PS on the neurons by MFG-E8 is
blocked, neurons are rescued. Interestingly, there were neces-
sary two features of B. abortus-activated microglia to kill
neurons by primary phagocytosis: secretion of NO, which
induce neurons PS expression on the surface, and the increase
of the phagocytic activity by B. abortus-activated microglia
(Rodriguez et al., 2017).

Finally, it has been demonstrated that phagocytosis of
neurons by microglia also requires the release of “find-me”
signals such as neuronal UDP/ATP. Both, nucleosides and
nucleotides of adenine and uridine, can function as extracellu-
lar signals inducing a change in the microglia from migratory
to phagocytic phenotype; causing the formation of the
so-called phagocytic cup (the membrane invagination
around the target cell) and enabling neuronal ingestion

Figure 4. Microglial primary phagocytosis or phagoptosis. Pathogen-activated microglia increase their phagocytic activity and secrete

several pro-inflammatory mediators. These mediators induce the expression of “eat-me” signals on live neurons. The exposure of these

signals in viable damaged neurons triggers neuronal death by microglial primary phagocytosis.
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(Koizumi et al., 2007). Their action is mediated by purinergic
receptors capable of modulating a wide variety of responses,
such as inflammatory response, insulin secretion, vascular
tone regulation, among others (Lazarowaki &
Schwarzbaum, 2009). It has been shown that cell phagocyto-
sis requires activation of these signaling pathways
(Ravichandran, 2011). In particular, it has been described
that in the final stage of phagocytosis of neurons by microglia
the release of UDP by the target cell is required to change the
phenotype of microglia from a migratory profile towards a
phagocytic profile (Bernier et al., 2013; Koizumi et al.,
2007). UDP released from damaged neurons induces adjacent
microglia to phagocyte them through the P2Y6 receptor. More
recently, it has been shown that this signaling pathway is also
involved in the recognition and subsequent phagocytosis of
live neurons. Microglia activated by LPS or LTA (TLR4
and TLR2 ligand, respectively) phagocytose live neurons
and this phenomenon was inhibited by MRS2578, a specific
inhibitor of P2Y6 receptor (Neher et al., 2014).

Oligodendrocytes and Astrocytes Alterations Induced by
Pathogen-Activated Microglia
Oligodendrocytes are susceptible to be damaged by
microglia-derived factors as glutamate, TNF-α, IL-1β and
NO among others, particularly because of their high metabolic
activity and energy demands. As consequence of this damage,
they produce a poor quality myelin, which may contribute to
the pathology observed in CNS infection diseases (Peferoen
et al., 2014). Intracerebral injection of LPS lead to activation
of astrocytes and microglia. Both type of cells produce
pro-inflammatory cytokines, that lead to hypo-myelination
(Pang et al., 2003). In vitro, LPS-activated microglia induce
arrest of oligodendrocyte progenitor cell proliferation and
their death (Sherwin & Fern, 2005). In addition, because of
cell damage or death, oligodendrocytes also release ATP/
UDP that work as a find-me signals for microglia. TNF-α
and IL-1β released by microglia might further contribute to
oligodendrocytes and myelin damage (Sherwin & Fern,
2005).

Recently, it has been described the ability of
LPS-activated microglia to induce a kind of reactive astro-
cytes named A1. This phenomenon was induced by
microglia-secreted IL-1α, TNF-α and C1q in concert.
These astrocytes lose the ability to promote neuronal sur-
vival and, on the contrary, lead to neurons and oligodendro-
cytes to death (Liddelow et al., 2017). In addition, it was
recently reported the involvement of the IL-33 in mice suf-
fering experimental CM. It was demonstrated that astrocytes
and oligodendrocytes secrete IL-33 in hippocampus at 7
days post-infection with P. berghei. The same study
showed that microglia from ST2 (IL-33 receptor) KO
mice have problems to be fully activated. Although micro-
glia display the typical activated morphology, i.e.

hypertrophied cell body and thick cytoplasmic extension,
together with an increase in IBA1+ expression and prolifer-
ation activity at 7 days post-infection; there was less pro-
duction of the pro-inflammatory cytokines IFN-γ, TNF-α,
IL-6 and IL-1β, as well as the chemokines CXCL9 and
CXCL10. IL-33 secreted by oligodendrocytes and astro-
cytes induce microglial secretion of IL-1β and, conversely,
IL-1β induce the secretion of IL-33 by oligodendrocytes,
generating an inflammatory loop that contribute to P.
berghei -induced cognitive disorders (Reverchon et al.,
2017) (Table 1).

Concluding Remarks
Most of the information gathered to present has come from the
acknowledgment of microglia as being the resident macro-
phages of the CNS and the recently discovered evidences of
the homeostatic functions of tissue macrophages, despite
their traditional immune functions (Gordon et al., 2014;
Wynn et al., 2013). Considering the skills of microglia to
remodel their phenotype according to environmental signals,
they can be considered as the most plastic cell type of the
CNS, acting as immune “double-edge swords” either bringing
benefits and defense to the CNS or causing immunopathol-
ogy. An important aspect that this review has brought into
attention is that the molecular tools (immune receptors, neuro-
tropic factors, inflammatory mediators, etc.) that microglial
cells use to perform “good and evil” are practically the
same. During development and in the adult CNS the particular
phenotype that microglia adopt is related to environmental
cues that these cells received from other cells (astrocytes,
neurons, ECs, etc.), microbes or spatio-temporal tissue
profiles.

Much of the information we have learnt from the harmful
function of microglia have aroused from studies on neurode-
generative diseases and stroke but less is known about the
damage that microglia inflict to the CNS cells when is acti-
vated by a pathogen. It has come to the attention of the field
that there exist a functional diversity of microglia
(Sankowski et al., 2019) and not a single uniform population
of microglial cells in the CNS. Thus, it might be possible that
thorough investigations on how different subpopulation of
microglia respond to infection allow showing such a diversity.
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Sperlágh, B., Boldogkői, Z., Kittel, Á., Baranyi, M.,
Ferenczi, S., Kovács, K., Szalay, G., Rózsa, B., & Webb, C.,
… Á. Dénes (2018). Microglia control the spread of neuro-
tropic virus infection via P2Y12 signalling and recruit mono-
cytes through P2Y12-independent mechanisms. Acta
Neuropathologica, 136(3), 461–482. https://doi.org/10.1007/
s00401-018-1885-0

Figarella, K., Wolburg, H., Garaschuk, O., & Duszenko, M. (2019).
Microglia in neuropathology caused by protozoan parasites.

Rodríguez et al. 11

https://orcid.org/0000-0001-7441-5311
https://orcid.org/0000-0001-7441-5311
https://orcid.org/0000-0001-7441-5311
https://doi.org/10.1016/j.yexcr.2003.09.011
https://doi.org/10.1016/j.yexcr.2003.09.011
https://doi.org/10.1016/j.yexcr.2003.09.011
https://doi.org/https//doi.org/10.1002/glia.23757
https://doi.org/10.1007/s00018-015-2050-8
https://doi.org/10.1007/s00018-015-2050-8
https://doi.org/10.1002/glia.1106
https://doi.org/10.1002/glia.1106
https://doi.org/10.1002/glia.22574
https://doi.org/10.1002/glia.22574
https://doi.org/10.1097/NEN.0b013e31818b4801
https://doi.org/10.1097/NEN.0b013e31818b4801
https://doi.org/10.1016/j.tibs.2012.05.002
https://doi.org/10.1016/j.tibs.2012.05.002
https://doi.org/10.1016/j.tibs.2012.05.002
https://doi.org/10.1038/nrn3710
https://doi.org/10.1038/nrn3710
https://doi.org/10.1038/nrn3710
https://doi.org/10.4269/ajtmh.2001.64.207
https://doi.org/10.4269/ajtmh.2001.64.207
https://doi.org/10.4269/ajtmh.2001.64.207
https://doi.org/10.1177/0022034510381264
https://doi.org/10.1177/0022034510381264
https://doi.org/10.1006/clin.1993.1062
https://doi.org/10.1006/clin.1993.1062
https://doi.org/10.1006/clin.1993.1062
https://doi.org/
https://doi.org/
https://doi.org/10.1152/ajpcell.00305.2002
https://doi.org/10.1152/ajpcell.00305.2002
https://doi.org/10.1186/s12974-019-1443-2
https://doi.org/10.1186/s12974-019-1443-2
https://doi.org/10.1016/j.celrep.2018.09.003
https://doi.org/10.1016/j.celrep.2018.09.003
https://doi.org/10.3389/fncel.2014.00362
https://doi.org/10.3389/fncel.2014.00362
https://doi.org/10.3389/fncel.2014.00362
https://doi.org/10.4049/jimmunol.171.2.594
https://doi.org/10.4049/jimmunol.171.2.594
https://doi.org/10.1073/pnas.88.14.6368
https://doi.org/10.1073/pnas.88.14.6368
https://doi.org/10.1073/pnas.88.14.6368
https://doi.org/10.1128/IAI.01356-12
https://doi.org/10.1128/IAI.01356-12
https://doi.org/10.1128/IAI.01356-12
https://doi.org/10.1073/pnas.1618157114
https://doi.org/10.1073/pnas.1618157114
https://doi.org/10.1007/s00401-018-1885-0
https://doi.org/10.1007/s00401-018-1885-0
https://doi.org/10.1007/s00401-018-1885-0


Biological Reviews of the Cambridge Philosophical Society,
95(2), 333–349. https//doi.org/10.1111/brv.12566

Forrester, J. V., McMenamin, P. G., & Dando, S. J. (2018). CNS
Infection and immune privilege. Nature Reviews Neuroscience,
19(11), 655–671. https://doi.org/10.1038/s41583-018-0070-8

Franchi, L., Eigenbrod, T., Munoz-Planillo, R., & Nunez, G. (2009).
The inflammasome: A caspase-1-activation platform that regu-
lates immune responses and disease pathogenesis. Nature
Immunology, 10(3), 241–247. https://doi.org/10.1038/ni.1703

Fricker, M., Neher, J. J., Zhao, J. W., Thery, C., Tolkovsky, A. M., &
Brown, G. C. (2012b). MFG-E8 mediates primary phagocytosis
of viable neurons during neuroinflammation. The Journal of
Neuroscience: The Official Journal of the Society for
Neuroscience, 32(8), 2657–2666. https://doi.org/10.1523/
JNEUROSCI.4837-11.2012

Fricker, M., Oliva-Martin, M. J., & Brown, G. C. (2012a). Primary
phagocytosis of viable neurons by microglia activated with LPS
or Abeta is dependent on calreticulin/LRP phagocytic signalling.
Journal of Neuroinflammation, 9(1), 196. https://doi.org/10.1186/
1742-2094-9-196

Fu, R., Shen, Q., Xu, P., Luo, J. J., & Tang, Y. (2014). Phagocytosis
of microglia in the central nervous system diseases. Molecular
Neurobiology, 49(3), 1422–1434. https://doi.org/10.1007/
s12035-013-8620-6

Fuller, A. D., & Van Eldik, L. J. (2008). MFG-E8 regulates micro-
glial phagocytosis of apoptotic neurons. Journal of
Neuroimmune Pharmacology, 3(4), 246–256. https://doi.org/10.
1007/s11481-008-9118-2

Gardai, S. J., McPhillips, K. A., Frasch, S. C., Janssen, W. J.,
Starefeldt, A., Murphy-Ullrich, J. E., Bratton, D. L., Oldenborg,
P. A., Michalak, M., & Henson, P. M. (2005). Cell-surface calre-
ticulin initiates clearance of viable or apoptotic cells through
trans-activation of LRP on the phagocyte. Cell, 123(2), 321–
334. https://doi.org/10.1016/j.cell.2005.08.032

Gitik, M., Liraz-Zaltsman, S., Oldenborg, P. A., Reichert, F., &
Rotshenker, S. (2011). Myelin down-regulates myelin phagocy-
tosis by microglia and macrophages through interactions
between CD47 on myelin and SIRPalpha (signal regulatory
protein-alpha) on phagocytes. Journal of Neuroinflammation,
8(1), 24. https://doi.org/10.1186/1742-2094-8-24

Glass, J. D., Fedor, H., Wesselingh, S. L., & McArthur, J. C. (1995).
Immunocytochemical quantitation of human immunodeficiency
virus in the brain: Correlations with dementia. Annals of
Neurology, 38(5), 755–762. https://doi.org/10.1002/ana.410380
510

Gordon, S., Pluddemann, A., & Martinez Estrada, F. (2014).
Macrophage heterogeneity in tissues: Phenotypic diversity and
functions. Immunological Reviews, 262(1), 36–55. https://doi.
org/10.1111/imr.12223

Hadas, S., Spira, M., Hanisch, U. K., Reichert, F., & Rotshenker, S.
(2012). Complement receptor-3 negatively regulates the phago-
cytosis of degenerated myelin through tyrosine kinase Syk and
cofilin. Journal of Neuroinflammation, 9(1), 166. https://doi.
org/10.1186/1742-2094-9-166

Hanamsagar, R., Hanke, M. L., & Kielian, T. (2012). Toll-like recep-
tor (TLR) and inflammasome actions in the central nervous
system. Trends in Immunology, 33(7), 333–342. https://doi.org/
10.1016/j.it.2012.03.001

Hanisch, U. K., & Kettenmann, H. (2007). Microglia: Active sensor
and versatile effector cells in the normal and pathologic brain.

Nature Neuroscience, 10(11), 1387–1394. https://doi.org/10.
1038/nn1997

Hu, S., Peterson, P. K., & Chao, C. C. (1997). Cytokine-mediated
neuronal apoptosis. Neurochemistry International, 30(4-5),
427–431. https://doi.org/10.1016/S0197-0186(96)00078-2

Huang, K. W., & Sabatini, B. L. (2020). Single-Cell analysis of neu-
roinflammatory responses following intracranial injection of
G-deleted rabies viruses. Frontiers in Cellular Neuroscience,
14(65), 1–16. https://doi.org/10.3389/fncel.2020.00065

Kacimi, R., Giffard, R. G., & Yenari, M. A. (2011).
Endotoxin-activated microglia injure brain derived endothelial
cells via NF-kappaB, JAK-STAT and JNK stress kinase path-
ways. Journal of Inflammation, 8(1), 7. https://doi.org/10.1186/
1476-9255-8-7

Karve, I. P., Taylor, J. M., & Crack, P. J. (2016). The contribution of
astrocytes and microglia to traumatic brain injury. British Journal
of Pharmacology, 173(4), 692–702. https://doi.org/10.1111/bph.
13125

Katuri, A., Bryant, J., Heredia, A., & Makar, T. K. (2019). Role of
the inflammasomes in HIV-associated neuroinflammation and
neurocognitive disorders. Experimental and Molecular
Pathology, 108, 64–72. https//doi.org/10.1016/j.yexmp.2019.
03.008

Kawai, T., & Akira, S. (2010). The role of pattern-recognition recep-
tors in innate immunity: Update on toll-like receptors. Nature
Immunology, 11(4), 373–384. https://doi.org/10.1038/ni.1863

Kielian, T., Bearden, E. D., Baldwin, A. C., & Esen, N. (2004). IL-1
and TNF-alpha play a pivotal role in the host immune response in
a mouse model of Staphylococcus aureus-induced experimental
brain abscess. Journal of Neuropathology and Experimental
Neurology, 63(4), 381–396. https://doi.org/10.1093/jnen/63.4.
381

Kielian, T., Mayes, P., & Kielian, M. (2002). Characterization of
microglial responses to Staphylococcus aureus: Effects on cyto-
kine, costimulatory molecule, and toll-like receptor expression.
Journal of Neuroimmunology, 130(1-2), 86–99. https://doi.org/
10.1016/S0165-5728(02)00216-3

Klein, R. S., & Hunter, C. A. (2017). Protective and pathological
immunity during central nervous system infections. Immunity,
46(6), 891–909. https://doi.org/10.1016/j.immuni.2017.06.
012

Koedel, U., Rupprecht, T., Angele, B., Heesemann, J., Wagner, H.,
Pfister, H. W., & Kirschning, C. J. (2004). Myd88 is required for
mounting a robust host immune response to Streptococcus pneu-
moniae in the CNS. Brain: A Journal of Neurology, 127(6),
1437–1445. https://doi.org/10.1093/brain/awh171

Koizumi, S., Shigemoto-Mogami, Y., Nasu-Tada, K., Shinozaki, Y.,
Ohsawa, K., Tsuda, M., Joshi, B. V., Jacobson, K. A., Kohsaka,
S., & Inoue, K. (2007). UDP Acting at P2Y6 receptors is a medi-
ator of microglial phagocytosis. Nature, 446(7139), 1091–1095.
https://doi.org/10.1038/nature05704

Kugler, E. C., Greenwood, J., & MacDonald, R. B. (2021). The
"neuro-glial-vascular" unit: The role of Glia in neurovascular
unit formation and dysfunction. Frontiers in Cell and
Developmental Biology, 9(732820), 1–16. https://doi.org/10.
3389/fcell.2021.732820

Landoni, V. I., Schierloh, P., de Campos Nebel, M., Fernandez,
G. C., Calatayud, C., Lapponi, M. J., & Isturiz, M. A. (2012).
Shiga toxin 1 induces on lipopolysaccharide-treated astrocytes
the release of tumor necrosis factor-alpha that alter brain-like

12 ASN Neuro

https://doi.org/https//doi.org/10.1111/brv.12566
https://doi.org/10.1038/s41583-018-0070-8
https://doi.org/10.1038/s41583-018-0070-8
https://doi.org/10.1038/ni.1703
https://doi.org/10.1038/ni.1703
https://doi.org/10.1523/JNEUROSCI.4837-11.2012
https://doi.org/10.1523/JNEUROSCI.4837-11.2012
https://doi.org/10.1523/JNEUROSCI.4837-11.2012
https://doi.org/10.1186/1742-2094-9-196
https://doi.org/10.1186/1742-2094-9-196
https://doi.org/10.1186/1742-2094-9-196
https://doi.org/10.1007/s12035-013-8620-6
https://doi.org/10.1007/s12035-013-8620-6
https://doi.org/10.1007/s12035-013-8620-6
https://doi.org/10.1007/s11481-008-9118-2
https://doi.org/10.1007/s11481-008-9118-2
https://doi.org/10.1007/s11481-008-9118-2
https://doi.org/10.1016/j.cell.2005.08.032
https://doi.org/10.1016/j.cell.2005.08.032
https://doi.org/10.1186/1742-2094-8-24
https://doi.org/10.1186/1742-2094-8-24
https://doi.org/10.1002/ana.410380510
https://doi.org/10.1002/ana.410380510
https://doi.org/10.1002/ana.410380510
https://doi.org/10.1111/imr.12223
https://doi.org/10.1111/imr.12223
https://doi.org/10.1111/imr.12223
https://doi.org/10.1186/1742-2094-9-166
https://doi.org/10.1186/1742-2094-9-166
https://doi.org/10.1186/1742-2094-9-166
https://doi.org/10.1016/j.it.2012.03.001
https://doi.org/10.1016/j.it.2012.03.001
https://doi.org/10.1016/j.it.2012.03.001
https://doi.org/10.1038/nn1997
https://doi.org/10.1038/nn1997
https://doi.org/10.1038/nn1997
https://doi.org/10.1016/S0197-0186(96)00078-2
https://doi.org/10.1016/S0197-0186(96)00078-2
https://doi.org/10.3389/fncel.2020.00065
https://doi.org/10.3389/fncel.2020.00065
https://doi.org/10.1186/1476-9255-8-7
https://doi.org/10.1186/1476-9255-8-7
https://doi.org/10.1186/1476-9255-8-7
https://doi.org/10.1111/bph.13125
https://doi.org/10.1111/bph.13125
https://doi.org/10.1111/bph.13125
https://doi.org/https//doi.org/10.1016/j.yexmp.2019.03.008
https://doi.org/https//doi.org/10.1016/j.yexmp.2019.03.008
https://doi.org/10.1038/ni.1863
https://doi.org/10.1038/ni.1863
https://doi.org/10.1093/jnen/63.4.381
https://doi.org/10.1093/jnen/63.4.381
https://doi.org/10.1093/jnen/63.4.381
https://doi.org/10.1016/S0165-5728(02)00216-3
https://doi.org/10.1016/S0165-5728(02)00216-3
https://doi.org/10.1016/S0165-5728(02)00216-3
https://doi.org/10.1016/j.immuni.2017.06.012
https://doi.org/10.1016/j.immuni.2017.06.012
https://doi.org/10.1016/j.immuni.2017.06.012
https://doi.org/10.1093/brain/awh171
https://doi.org/10.1093/brain/awh171
https://doi.org/10.1038/nature05704
https://doi.org/10.1038/nature05704
https://doi.org/10.3389/fcell.2021.732820
https://doi.org/10.3389/fcell.2021.732820
https://doi.org/10.3389/fcell.2021.732820


endothelium integrity. PLoS Pathogens, 8(3), e1002632. https://
doi.org/10.1371/journal.ppat.1002632

Lannes, N., Eppler, E., Etemad, S., Yotovski, P., & Filgueira, L.
(2017). Microglia at center stage: A comprehensive review
about the versatile and unique residential macrophages of the
central nervous system. Oncotarget, 8(69), 114393–114413.
https://doi.org/10.18632/oncotarget.23106

Lazarowaki, E. R., & Schwarzbaum, P. J. (2009). Señales purinerg-
icas. MEDICINA (Buenos Aires), 69(2), 267–276.

Lehnardt, S., Henneke, P., Lien, E., Kasper, D. L., Volpe, J. J.,
Bechmann, I., Nitsch, R., Weber, J. R., Golenbock, D. T., &
Vartanian, T. (2006). A mechanism for neurodegeneration
induced by group B streptococci through activation of the
TLR2/MyD88 pathway in microglia. The Journal of
Immunology, 177(1), 583–592. https://doi.org/10.4049/
jimmunol.177.1.583

Li, W. (2012). Eat-me signals: Keys to molecular phagocyte biology
and "appetite" control. Journal of Cellular Physiology, 227(4),
1291–1297. https://doi.org/10.1002/jcp.22815

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C.,
Bohlen, C. J., Schirmer, L., Bennett, M. L., Münch, A. E.,
Chung, W.-S., Peterson, T. C., Wilton, D. K., Frouin, A.,
Napier, B. A., Panicker, N., Kumar, M., Buckwalter, M. S.,
Rowitch, D. H., Dawson, V. L., & Dawson, T. M., …
B. A. Barres (2017). Neurotoxic reactive astrocytes are induced
by activated microglia. Nature, 541(7638), 481–487. https://doi.
org/10.1038/nature21029

Linnartz-Gerlach, B., Kopatz, J., & Neumann, H. (2014). Siglec
functions of microglia. Glycobiology, 24(9), 794–799. https://
doi.org/10.1093/glycob/cwu044

Liu, H., Qiu, K., He, Q., Lei, Q., & Lu, W. (2019). Mechanisms of
blood-brain barrier disruption in herpes Simplex encephalitis.
Journal of Neuroimmune Pharmacology, 14(2), 157–172.
https://doi.org/10.1007/s11481-018-9821-6

Lum, F. M., Low, D. K., Fan, Y., Tan, J. J., Lee, B., Chan, J. K.,
Renia, L., Ginhoux, F., & Ng, L. F. (2017). Zika Virus infects
human fetal brain microglia and induces inflammation. Clinical
Infectious Diseases:An Official Publication of the Infectious
Diseases Society of America, 64(7), 914–920. https://doi.org/10.
1093/cid/ciw878

Mariani, M. M., & Kielian, T. (2009). Microglia in infectious dis-
eases of the central nervous system. Journal of Neuroimmune
Pharmacology, 4(4), 448–461. https://doi.org/10.1007/s11481-
009-9170-6

Mark, K. S., Burroughs, A. R., Brown, R. C., Huber, J. D., & Davis,
T. P. (2004). Nitric oxide mediates hypoxia-induced changes in
paracellular permeability of cerebral microvasculature.
American Journal of Physiology-Heart and Circulatory
Physiology, 286(1), H174–H180. https://doi.org/10.1152/
ajpheart.00669.2002

Medana, I. M., Chan-Ling, T., & Hunt, N. H. (2000). Reactive
changes of retinal microglia during fatal murine cerebral
malaria: Effects of dexamethasone and experimental permeabili-
zation of the blood-brain barrier. The American Journal of
Pathology, 156(3), 1055–1065. https://doi.org/10.1016/S0002-
9440(10)64973-5

Miraglia, M. C., Costa Franco, M. M., Rodriguez, A. M., Bellozi,
P. M., Ferrari, C. C., Farias, M. I., Dennis, V. A., Barrionuevo,
P., de Oliveira, A. C., Pitossi, F., Kim, K. S., Delpino, M. V.,
Oliveira, S. C., & Giambartolomei, G. H. (2016). Glial

cell-elicited activation of brain microvasculature in response to
Brucella abortus infection requires ASC inflammasome-
dependent IL-1beta production. The Journal of Immunology,
196(9), 3794–3805. https://doi.org/10.4049/jimmunol.1500908

Miraglia, M. C., Rodriguez, A. M., Barrionuevo, P., Rodriguez, J.,
Kim, K. S., Dennis, V. A., Delpino, M. V., & Giambartolomei,
G. H. (2018). Brucella abortus traverses brain microvascular
endothelial cells using infected monocytes as a trojan horse.
Frontiers in Cellular and Infection Microbiology, 8(200), 1–11.
https://doi.org/10.3389/fcimb.2018.00200

Miraglia, M. C., Scian, R., Samartino, C. G., Barrionuevo, P.,
Rodriguez, A. M., Ibanez, A. E., Coria, L. M., Velasquez, L. N.,
Baldi, P. C., Cassataro, J., Delpino, M. V., & Giambartolomei,
G. H. (2013). Brucella abortus induces TNF-alpha-dependent
astroglial MMP-9 secretion through mitogen-activated protein
kinases. Journal of Neuroinflammation, 10(1), 47. https://doi.
org/10.1186/1742-2094-10-47

Myers, T. A., Kaushal, D., & Philipp, M. T. (2009). Microglia are
mediators of Borrelia burgdorferi-induced apoptosis in
SH-SY5Y neuronal cells. PLoS Pathogens, 5(11), e1000659.
https://doi.org/10.1371/journal.ppat.1000659

Neher, J. J., Neniskyte, U., & Brown, G. C. (2012). Primary phago-
cytosis of neurons by inflamed microglia: Potential roles in neu-
rodegeneration. Frontiers in Pharmacology, 3(27), 1–9. https://
doi.org/10.3389/fphar.2012.00027

Neher, J. J., Neniskyte, U., Hornik, T., & Brown, G. C. (2014).
Inhibition of UDP/P2Y6 purinergic signaling prevents phagocy-
tosis of viable neurons by activated microglia in vitro and in vivo.
Glia, 62(9), 1463–1475. https://doi.org/10.1002/glia.22693

Neher, J. J., Neniskyte, U., Zhao, J. W., Bal-Price, A., Tolkovsky,
A. M., & Brown, G. C. (2011). Inhibition of microglial phagocy-
tosis is sufficient to prevent inflammatory neuronal death. The
Journal of Immunology, 186(8), 4973–4983. https://doi.org/10.
4049/jimmunol.1003600

Nishanth, G., & Schluter, D. (2019). Blood-Brain barrier in cerebral
malaria: Pathogenesis and therapeutic intervention. Trends in
Parasitology, 35(7), 516–528. https://doi.org/10.1016/j.pt.2019.
04.010

Nomura, K., Vilalta, A., Allendorf, D. H., Hornik, T. C., & Brown,
G. C. (2017). Activated microglia desialylate and phagocytose
cells via neuraminidase, galectin-3, and mer tyrosine kinase.
The Journal of Immunology, 198(12), 4792–4801. https://doi.
org/10.4049/jimmunol.1502532

Norris, G. T., & Kipnis, J. (2019). Immune cells and CNS phys-
iology: Microglia and beyond. The Journal of Experimental
Medicine, 216(1), 60–70. https://doi.org/10.1084/jem.
20180199

Novak, U., & Kaye, A. H. (2000). Extracellular matrix and the brain:
Components and function. Journal of Clinical Neuroscience:
Official Journal of the Neurosurgical Society of Australasia,
7(4), 280–290. https://doi.org/10.1054/jocn.1999.0187

Paludan, S. R., & Bowie, A. G. (2013). Immune sensing of DNA.
Immunity, 38(5), 870–880. https://doi.org/10.1016/j.immuni.2013.
05.004

Pang, Y., Cai, Z., & Rhodes, P. G. (2003). Disturbance of oligoden-
drocyte development, hypomyelination and white matter injury
in the neonatal rat brain after intracerebral injection of lipopoly-
saccharide. Brain Research Developmental Brain Research,
140(2), 205–214. https://doi.org/10.1016/S0165-3806(02)0060
6-5

Rodríguez et al. 13

https://doi.org/10.1371/journal.ppat.1002632
https://doi.org/10.1371/journal.ppat.1002632
https://doi.org/10.1371/journal.ppat.1002632
https://doi.org/10.18632/oncotarget.23106
https://doi.org/10.18632/oncotarget.23106
https://doi.org/
https://doi.org/10.4049/jimmunol.177.1.583
https://doi.org/10.4049/jimmunol.177.1.583
https://doi.org/10.4049/jimmunol.177.1.583
https://doi.org/10.1002/jcp.22815
https://doi.org/10.1002/jcp.22815
https://doi.org/10.1038/nature21029
https://doi.org/10.1038/nature21029
https://doi.org/10.1038/nature21029
https://doi.org/10.1093/glycob/cwu044
https://doi.org/10.1093/glycob/cwu044
https://doi.org/10.1093/glycob/cwu044
https://doi.org/10.1007/s11481-018-9821-6
https://doi.org/10.1007/s11481-018-9821-6
https://doi.org/10.1093/cid/ciw878
https://doi.org/10.1093/cid/ciw878
https://doi.org/10.1093/cid/ciw878
https://doi.org/10.1007/s11481-009-9170-6
https://doi.org/10.1007/s11481-009-9170-6
https://doi.org/10.1007/s11481-009-9170-6
https://doi.org/10.1152/ajpheart.00669.2002
https://doi.org/10.1152/ajpheart.00669.2002
https://doi.org/10.1152/ajpheart.00669.2002
https://doi.org/10.1016/S0002-9440(10)64973-5
https://doi.org/10.1016/S0002-9440(10)64973-5
https://doi.org/10.1016/S0002-9440(10)64973-5
https://doi.org/10.4049/jimmunol.1500908
https://doi.org/10.4049/jimmunol.1500908
https://doi.org/10.3389/fcimb.2018.00200
https://doi.org/10.3389/fcimb.2018.00200
https://doi.org/10.1186/1742-2094-10-47
https://doi.org/10.1186/1742-2094-10-47
https://doi.org/10.1186/1742-2094-10-47
https://doi.org/10.1371/journal.ppat.1000659
https://doi.org/10.1371/journal.ppat.1000659
https://doi.org/10.3389/fphar.2012.00027
https://doi.org/10.3389/fphar.2012.00027
https://doi.org/10.3389/fphar.2012.00027
https://doi.org/10.1002/glia.22693
https://doi.org/10.1002/glia.22693
https://doi.org/10.4049/jimmunol.1003600
https://doi.org/10.4049/jimmunol.1003600
https://doi.org/10.4049/jimmunol.1003600
https://doi.org/10.1016/j.pt.2019.04.010
https://doi.org/10.1016/j.pt.2019.04.010
https://doi.org/10.1016/j.pt.2019.04.010
https://doi.org/10.4049/jimmunol.1502532
https://doi.org/10.4049/jimmunol.1502532
https://doi.org/10.4049/jimmunol.1502532
https://doi.org/10.1084/jem.20180199
https://doi.org/10.1084/jem.20180199
https://doi.org/10.1084/jem.20180199
https://doi.org/10.1054/jocn.1999.0187
https://doi.org/10.1016/j.immuni.2013.05.004
https://doi.org/10.1016/j.immuni.2013.05.004
https://doi.org/10.1016/j.immuni.2013.05.004
https://doi.org/10.1016/S0165-3806(02)00606-5
https://doi.org/10.1016/S0165-3806(02)00606-5
https://doi.org/10.1016/S0165-3806(02)00606-5


Parkhurst, C. N., Yang, G., Ninan, I., Savas, J. N., Yates, 3rd, J. R.,
Lafaille, J. J., Hempstead, B. L., Littman, D. R., & Gan, W. B.
(2013). Microglia promote learning-dependent synapse formation
through brain-derived neurotrophic factor. Cell, 155(7), 1596–
1609. https://doi.org/10.1016/j.cell.2013.11.030

Pascual, O., Ben Achour, S., Rostaing, P., Triller, A., & Bessis, A.
(2012). Microglia activation triggers astrocyte-mediated modula-
tion of excitatory neurotransmission. Proceedings of the National
Academy of Sciences of the United States of America, 109(1),
197–205. https://doi.org/10.1073/pnas.1104767109

Peferoen, L., Kipp, M., van der Valk, P., van Noort, J. M., & Amor,
S. (2014). Oligodendrocyte-microglia cross-talk in the central
nervous system. Immunology, 141(3), 302–313. https://doi.org/
10.1111/imm.12163

Ravichandran, K. S. (2011). Beginnings of a good apoptotic meal:
The find-me and eat-me signaling pathways. Immunity, 35(4),
445–455. https://doi.org/10.1016/j.immuni.2011.09.004

Ravichandran, K. S., & Lorenz, U. (2007). Engulfment of apoptotic
cells: Signals for a good meal. Nature Reviews Immunology,
7(12), 964–974. https://doi.org/10.1038/nri2214

Ravindran, J., Agrawal, M., Gupta, N., & Rao, P. V. (2011).
Alteration of blood brain barrier permeability by T-2 toxin:
Role of MMP-9 and inflammatory cytokines. Toxicology,
280(1-2), 44–52. https://doi.org/10.1016/j.tox.2010.11.006

Reinert, L. S., Lopusna, K., Winther, H., Sun, C., Thomsen, M. K.,
Nandakumar, R., Mogensen, T. H., Meyer, M., Vaegter, C.,
Nyengaard, J. R., Fitzgerald, K. A., & Paludan, S. R. (2016).
Sensing of HSV-1 by the cGAS-STING pathway in microglia
orchestrates antiviral defence in the CNS. Nature Communications,
7(1), 13348. https://doi.org/10.1038/ncomms13348

Reverchon, F., Mortaud, S., Sivoyon, M., Maillet, I., Laugeray, A.,
Palomo, J., Montecot, C., Herzine, A., Meme, S., Meme, W.,
Erard, F., Ryffel, B., Menuet, A., & Quesniaux, V. F. J. (2017).
IL-33 receptor ST2 regulates the cognitive impairments associ-
ated with experimental cerebral malaria. PLOS Pathogens,
13(4), e1006322. https://doi.org/10.1371/journal.ppat.1006322

Rock, R. B., Gekker, G., Hu, S., Sheng, W. S., Cheeran, M.,
Lokensgard, J. R., & Peterson, P. K. (2004). Role of microglia
in central nervous system infections. Clinical Microbiology
Reviews, 17(4), 942–964. table of contents. https://doi.org/10.
1128/CMR.17.4.942-964.2004

Rodriguez, A. M., Delpino, M. V., Miraglia, M. C., Costa Franco,
M. M., Barrionuevo, P., Dennis, V. A., Oliveira, S. C., &
Giambartolomei, G. H. (2017). Brucella abortus-activated micro-
glia induce neuronal death through primary phagocytosis. Glia,
65(7), 1137–1151. https://doi.org/10.1002/glia.23149

Rodriguez, A. M., Delpino, M. V., Miraglia, M. C., &
Giambartolomei, G. H. (2019). Immune mediators of pathology
in neurobrucellosis: From blood to central nervous system.
Neuroscience, 410, 264–273. https://doi.org/10.1016/j.
neuroscience.2019.05.018

Rogers, J. T., Morganti, J. M., Bachstetter, A. D., Hudson, C. E.,
Peters, M. M., Grimmig, B. A., Weeber, E. J., Bickford, P. C.,
& Gemma, C. (2011). CX3CR1 Deficiency leads to impairment
of hippocampal cognitive function and synaptic plasticity. The
Journal of Neuroscience: The Official Journal of the Society
for Neuroscience, 31(45), 16241–16250. https://doi.org/10.
1523/JNEUROSCI.3667-11.2011

Rozenfeld, C., Martinez, R., Figueiredo, R. T., Bozza, M. T., Lima,
F. R., Pires, A. L., Silva, P. M., Bonomo, A., Lannes-Vieira, J.,

De Souza, W., &Moura-Neto, V. (2003). Soluble factors released
by toxoplasma gondii-infected astrocytes down-modulate nitric
oxide production by gamma interferon-activated microglia and
prevent neuronal degeneration. Infection and Immunity, 71(4),
2047–2057. https://doi.org/10.1128/IAI.71.4.2047-2057.2003

Rozenfeld, C., Martinez, R., Seabra, S., Sant’Anna, C., Gonçalves,
J. G. R., Bozza, M., Moura-Neto, V., & De Souza, W. (2005).
Toxoplasma gondii prevents neuron degeneration by
interferon-g-activated microglia in a mechanism involving inhibi-
tion of inducible nitric oxide synthase and transforming growth
factor-b1 production by infected microglia. American Journal
of Pathology, 167(4), 1021–1031. https://doi.org/10.1016/
S0002-9440(10)61191-1

Samartino, C. G., Delpino, M. V., Pott Godoy, C., Di Genaro, M. S.,
Pasquevich, K. A., Zwerdling, A., Barrionuevo, P., Mathieu, P.,
Cassataro, J., Pitossi, F., & Giambartolomei, G. H. (2010).
Brucella abortus induces the secretion of proinflammatory medi-
ators from glial cells leading to astrocyte apoptosis. The American
Journal of Pathology, 176(3), 1323–1338. https://doi.org/10.
2353/ajpath.2010.090503

Sankowski, R., Bottcher, C., Masuda, T., Geirsdottir, L., Sagar, E.,
Sindram, Seredenina, T., Muhs, A., Scheiwe, C., Shah, M. J.,
Heiland, D. H., Schnell, O., Grun, D., Priller, J., & Prinz, M.
(2019). Mapping microglia states in the human brain through
the integration of high-dimensional techniques. Nature
Neuroscience, 22(12), 2098–2110. https://doi.org/10.1038/
s41593-019-0532-y

Sato, K. (2015). Effects of microglia on neurogenesis. Glia, 63(8),
1394–1405. https://doi.org/10.1002/glia.22858

Schluter, D., & Barragan, A. (2019). Advances and challenges in
understanding cerebral toxoplasmosis. Frontiers in
Immunology, 10(242), 1–13. https://doi.org/10.3389/fimmu.
2019.00242

Sherwin, C., & Fern, R. (2005). Acute lipopolysaccharide-mediated
injury in neonatal white matter glia: Role of TNF-alpha, IL-1beta,
and calcium. The Journal of Immunology, 175(1), 155–161.
https://doi.org/10.4049/jimmunol.175.1.155

Shirotani, K., Hori, Y., Yoshizaki, R., Higuchi, E., Colonna, M.,
Saito, T., Hashimoto, S., Saito, T., Saido, T. C., & Iwata, N.
(2019). Aminophospholipids are signal-transducing TREM2
ligands on apoptotic cells. Scientific Reports, 9(1), 7508. https://
doi.org/10.1038/s41598-019-43535-6

Shrivastava, S. K., Dalko, E., Delcroix-Genete, D., Herbert, F.,
Cazenave, P. A., & Pied, S. (2017). Uptake of parasite-derived
vesicles by astrocytes and microglial phagocytosis of infected
erythrocytes may drive neuroinflammation in cerebral malaria.
Glia, 65(1), 75–92. https://doi.org/10.1002/glia.23075

Sierra, A., Abiega, O., Shahraz, A., & Neumann, H. (2013).
Janus-faced microglia: Beneficial and detrimental consequences
of microglial phagocytosis. Frontiers in Cellular Neuroscience,
7(6), 1–22. https://doi.org/10.3389/fncel.2013.00006

Sierra, A., Beccari, S., Diaz-Aparicio, I., Encinas, J. M., Comeau, S.,
& Tremblay, M. E. (2014). Surveillance, phagocytosis, and
inflammation: How never-resting microglia influence adult hip-
pocampal neurogenesis. Neural Plasticity, 2014(610343), 1–15.
https://doi.org/10.1155/2014/610343

Sumi, N., Nishioku, T., Takata, F., Matsumoto, J., Watanabe, T., Shuto,
H., Yamauchi, A., Dohgu, S., & Kataoka, Y. (2010).
Lipopolysaccharide-activated microglia induce dysfunction of the
blood-brain barrier in rat microvascular endothelial cells co-cultured

14 ASN Neuro

https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1073/pnas.1104767109
https://doi.org/10.1073/pnas.1104767109
https://doi.org/10.1111/imm.12163
https://doi.org/10.1111/imm.12163
https://doi.org/10.1111/imm.12163
https://doi.org/10.1016/j.immuni.2011.09.004
https://doi.org/10.1016/j.immuni.2011.09.004
https://doi.org/10.1038/nri2214
https://doi.org/10.1038/nri2214
https://doi.org/10.1016/j.tox.2010.11.006
https://doi.org/10.1016/j.tox.2010.11.006
https://doi.org/10.1038/ncomms13348
https://doi.org/10.1038/ncomms13348
https://doi.org/10.1371/journal.ppat.1006322
https://doi.org/10.1371/journal.ppat.1006322
https://doi.org/10.1128/CMR.17.4.942-964.2004
https://doi.org/10.1128/CMR.17.4.942-964.2004
https://doi.org/10.1128/CMR.17.4.942-964.2004
https://doi.org/10.1002/glia.23149
https://doi.org/10.1002/glia.23149
https://doi.org/10.1016/j.neuroscience.2019.05.018
https://doi.org/10.1016/j.neuroscience.2019.05.018
https://doi.org/10.1016/j.neuroscience.2019.05.018
https://doi.org/10.1523/JNEUROSCI.3667-11.2011
https://doi.org/10.1523/JNEUROSCI.3667-11.2011
https://doi.org/10.1523/JNEUROSCI.3667-11.2011
https://doi.org/10.1128/IAI.71.4.2047-2057.2003
https://doi.org/10.1128/IAI.71.4.2047-2057.2003
https://doi.org/10.1016/S0002-9440(10)61191-1
https://doi.org/10.1016/S0002-9440(10)61191-1
https://doi.org/10.1016/S0002-9440(10)61191-1
https://doi.org/10.2353/ajpath.2010.090503
https://doi.org/10.2353/ajpath.2010.090503
https://doi.org/10.2353/ajpath.2010.090503
https://doi.org/10.1038/s41593-019-0532-y
https://doi.org/10.1038/s41593-019-0532-y
https://doi.org/10.1002/glia.22858
https://doi.org/10.1002/glia.22858
https://doi.org/10.3389/fimmu.2019.00242
https://doi.org/10.3389/fimmu.2019.00242
https://doi.org/10.3389/fimmu.2019.00242
https://doi.org/10.4049/jimmunol.175.1.155
https://doi.org/10.4049/jimmunol.175.1.155
https://doi.org/10.1038/s41598-019-43535-6
https://doi.org/10.1038/s41598-019-43535-6
https://doi.org/10.1038/s41598-019-43535-6
https://doi.org/10.1002/glia.23075
https://doi.org/10.1002/glia.23075
https://doi.org/10.3389/fncel.2013.00006
https://doi.org/10.3389/fncel.2013.00006
https://doi.org/10.1155/2014/610343
https://doi.org/10.1155/2014/610343


with microglia. Cellular and Molecular Neurobiology, 30(2), 247–
253. https://doi.org/10.1007/s10571-009-9446-7

Sun, L., Wu, J., Du, F., Chen, X., & Chen, Z. J. (2013). Cyclic
GMP-AMP synthase is a cytosolic DNA sensor that activates
the type I interferon pathway. Science (New York,
N.Y.), 339(6121), 786–791. https://doi.org/10.1126/science.
1232458

Takeuchi, H., Jin, S., Wang, J., Zhang, G., Kawanokuchi, J., Kuno,
R., Sonobe, Y., Mizuno, T., & Suzumura, A. (2006). Tumor
necrosis factor-alpha induces neurotoxicity via glutamate
release from hemichannels of activated microglia in an autocrine
manner. The Journal of Biological Chemistry, 281(30), 21362–
21368. https://doi.org/10.1074/jbc.M600504200

Tauber, A. I. (2003). Metchnikoff and the phagocytosis theory.
Nature Reviews Molecular Cell Biology, 4(11), 897–901.
https://doi.org/10.1038/nrm1244

Thion,M. S., Ginhoux, F., &Garel, S. (2018).Microglia and early brain
development: An intimate journey. Science (New York, N.Y.),
362(6411), 185–189. https://doi.org/10.1126/science.aat0474

Thornton, P., Pinteaux, E., Allan, S. M., & Rothwell, N. J. (2008).
Matrix metalloproteinase-9 and urokinase plasminogen activator
mediate interleukin-1-induced neurotoxicity. Molecular and
Cellular Neuroscience, 37(1), 135–142. https://doi.org/10.1016/
j.mcn.2007.09.002

Tremblay, M. E., Stevens, B., Sierra, A., Wake, H., Bessis, A., &
Nimmerjahn, A. (2011). The role of microglia in the healthy
brain. The Journal of Neuroscience: The Official Journal of the
Society for Neuroscience, 31(45), 16064–16069. https://doi.org/
10.1523/JNEUROSCI.4158-11.2011

Tsai, T. T., Chen, C. L., Lin, Y. S., Chang, C. P., Tsai, C. C., Cheng,
Y. L., Huang, C. C., Ho, C. J., Lee, Y. C., Lin, L. T., Jhan, M. K.,
& Lin, C. F. (2016). Microglia retard dengue virus-induced acute
viral encephalitis. Scientific Reports, 6(1), 27670. https://doi.org/
10.1038/srep27670

Venters, H. D., Dantzer, R., & Kelley, K. W. (2000). Tumor necrosis
factor-alpha induces neuronal death by silencing survival signals
generated by the type I insulin-like growth factor receptor. Annals
of the New York Academy of Sciences, 917(1), 210–220. https://
doi.org/10.1111/j.1749-6632.2000.tb05385.x

Wang, Y., Cella, M., Mallinson, K., Ulrich, J. D., Young, K. L.,
Robinette, M. L., Gilfillan, S., Krishnan, G. M., Sudhakar, S.,
Zinselmeyer, B. H., Holtzman, D. M., Cirrito, J. R., &
Colonna, M. (2015). TREM2 Lipid sensing sustains the micro-
glial response in an Alzheimer’s disease model. Cell, 160(6),
1061–1071. https://doi.org/10.1016/j.cell.2015.01.049

Wheeler, D. L., Sariol, A., Meyerholz, D. K., & Perlman, S. (2018).
Microglia are required for protection against lethal coronavirus
encephalitis in mice. Journal of Clinical Investigation, 128(3),
931–943. https://doi.org/10.1172/JCI97229

Wynn, T. A., Chawla, A., & Pollard, J. W. (2013). Macrophage
biology in development, homeostasis and disease. Nature,
496(7446), 445–455. https://doi.org/10.1038/nature12034

Yang, L., Liu, C. C., Zheng, H., Kanekiyo, T., Atagi, Y., Jia, L.,
Wang, D., N’Songo, A., Can, D., Xu, H., Chen, X. F., & Bu,
G. (2016). LRP1 Modulates the microglial immune response
via regulation of JNK and NF-kappaB signaling pathways.
Journal of Neuroinflammation, 13(1), 304. https://doi.org/10.
1186/s12974-016-0772-7

Yeh, F. L., Wang, Y., Tom, I., Gonzalez, L. C., & Sheng, M. (2016).
TREM2 Binds to apolipoproteins, including APOE and CLU/
APOJ, and thereby facilitates uptake of amyloid-Beta by micro-
glia. Neuron, 91(2), 328–340. https://doi.org/10.1016/j.neuron.
2016.06.015

Zhou, H., Lapointe, B. M., Clark, S. R., Zbytnuik, L., & Kubes, P.
(2006). A requirement for microglial TLR4 in leukocyte recruit-
ment into brain in response to lipopolysaccharide. The Journal of
Immunology, 177(11), 8103–8110. https://doi.org/10.4049/
jimmunol.177.11.8103

Rodríguez et al. 15

https://doi.org/10.1007/s10571-009-9446-7
https://doi.org/10.1007/s10571-009-9446-7
https://doi.org/10.1126/science.1232458
https://doi.org/10.1126/science.1232458
https://doi.org/10.1126/science.1232458
https://doi.org/10.1074/jbc.M600504200
https://doi.org/10.1074/jbc.M600504200
https://doi.org/10.1038/nrm1244
https://doi.org/10.1038/nrm1244
https://doi.org/10.1126/science.aat0474
https://doi.org/10.1126/science.aat0474
https://doi.org/10.1016/j.mcn.2007.09.002
https://doi.org/10.1016/j.mcn.2007.09.002
https://doi.org/10.1016/j.mcn.2007.09.002
https://doi.org/10.1523/JNEUROSCI.4158-11.2011
https://doi.org/10.1523/JNEUROSCI.4158-11.2011
https://doi.org/10.1523/JNEUROSCI.4158-11.2011
https://doi.org/10.1038/srep27670
https://doi.org/10.1038/srep27670
https://doi.org/10.1038/srep27670
https://doi.org/10.1111/j.1749-6632.2000.tb05385.x
https://doi.org/10.1111/j.1749-6632.2000.tb05385.x
https://doi.org/10.1111/j.1749-6632.2000.tb05385.x
https://doi.org/10.1016/j.cell.2015.01.049
https://doi.org/10.1016/j.cell.2015.01.049
https://doi.org/10.1172/JCI97229
https://doi.org/10.1172/JCI97229
https://doi.org/10.1038/nature12034
https://doi.org/10.1038/nature12034
https://doi.org/10.1186/s12974-016-0772-7
https://doi.org/10.1186/s12974-016-0772-7
https://doi.org/10.1186/s12974-016-0772-7
https://doi.org/10.1016/j.neuron.2016.06.015
https://doi.org/10.1016/j.neuron.2016.06.015
https://doi.org/10.1016/j.neuron.2016.06.015
https://doi.org/10.4049/jimmunol.177.11.8103
https://doi.org/10.4049/jimmunol.177.11.8103
https://doi.org/10.4049/jimmunol.177.11.8103

	 Introduction
	 The Surveying Never Resting Microglia Keeping the Homeostatic State of the CNS
	 Immune Functions of Microglia
	 Immune Receptors of Microglia
	 The Positive side of Microglial Immune Responses

	 When Friends Become Enemies: Harmful Consequences of Pathogen-Activated Microglia on Cells of the CNS
	 Changes in Permeability and BBB Disruption due to Pathogen Activation of Microglia
	 Neuronal Demise Induced by Pathogen-Activated Microglia
	 Oligodendrocytes and Astrocytes Alterations Induced by Pathogen-Activated Microglia

	 Concluding Remarks
	 Acknowledgments
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


