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mental effects on neurons and contribute to the blood-brain 
barrier opening. Several M1 phenotype-specific cytokines 
exert protective effects on astrocytes, which could be impor-
tant for reactive gliosis occurring after ischemia. Thus, 
whether or not suppression of microglial activity after CI is 
beneficial for neurological outcome still remains unclear and 
current evidence suggests that no simple answer could be 
given to this question.  © 2015 S. Karger AG, Basel 

 Brain Cells Are Functionally Integrated into the 

Neurovascular Unit 

 The concept of the neurovascular unit (NVU) was in-
troduced in 2001 by the National Institute of Neurologi-
cal Disorders and Stroke (US National Institutes of 
Health); it defined NVU as a functional unit consisting of 
neurons, astrocytes, brain endothelial cells (BECs) with 
basal lamina matrix, pericytes, vascular smooth muscle 
cells, microglia and oligodendrocytes ( fig. 1;  animation 
for the figures was produced by R.B. using tools from 
 Servier Medical art: http://www.igis.com/medical-
images/?slidekit=35)  [1, 2] . Functional interaction of 
NVU cells through bidirectional cell-cell signaling pro-
vides optimal adjustment of the brain vasculature, in-
cluding cerebral blood flow (CBF) and capillary perme-
ability to match metabolic demands  [1–6] . Under normal 
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 Abstract 

 Paracrine signaling in the neurovascular unit (NVU) is aimed 
to adjust the supply of oxygen and nutrients to metabolic 
demands of the brain in a feed-forward manner. Cerebral 
ischemia (CI) severely disrupts this homeostatic mechanism 
and also causes activation of microglia and resident macro-
phages in the brain. Contradictory data exist on the time pat-
tern of microglial activation and polarization during CI, on 
molecular mechanisms that trigger them and on effects of 
microglia-derived cytokines on brain cells. It appears that 
conditions that occur during transient ischemia or in the 
penumbra of focal ischemia in vivo or equivalent conditions 
in vitro trigger polarization of resting microglia/macro-
phages into the M2 phenotype, which mainly exerts anti-
inflammatory and protective effects in the brain, while pro-
longed ischemia with abundant necrosis promotes microg-
lial polarization into the M1 phenotype. During the later 
stages of recovery, microglia that polarized initially into the 
M2 phenotype can shift into the M1 phenotype. Thus, it ap-
pears that cells with both phenotypes are present in the af-
fected area, but their relative amount changes in time and 
probably depends on the proximity to the ischemic core. It 
was assumed that cells with the M1 phenotype exert detri-
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conditions, CBF in humans remains >50 ml/min/100 g 
brain tissue and its regional variations reflect adjustments 
to metabolic demands of a particular region. These ad-
justments are mainly triggered by the release of gluta-
mate, the most abundant excitatory neurotransmitter in 
the brain  [7, 8] , from neurons that bind to N-methyl- D -
aspartate receptor (NMDA) and metabotropic glutamate 
receptors (MGluR) in neurons and astrocytes, respective-
ly  [7, 8]  ( fig. 2 ). Glutamate-mediated signaling leads to 
the release of nitric oxide (NO) from neurons and the 
production of arachidonic acid (AA) in astrocytes. AA is 
quickly metabolized to prostaglandin E 2  and epoxyei-
cosatrienoic acids  [7, 9, 10]  that cause a reduction in Ca 2+  
concentration in vascular smooth muscle cells and in 
pericytes, thereby relaxing contractile filaments, which 
results in vasodilation and, hence, in an increase in CBF 
 [7]  ( fig. 2 ). In addition, a rise in Ca 2+  in astrocytes due to 
glutamate-mediated signaling results in stimulation of 
large-conductance Ca 2+ -activated K +  (BK) channels in 
astrocyte end feet and release of K +  in the extracellular 

space close to cerebral microvessels ( fig. 2 )  [7, 11] . An in-
crease in K +  concentration (up to 10 m M ) hyperpolarizes 
smooth muscle cells, which reduces the influx of Ca 2+  
through voltage-gated channels and, hence, causes dilata-
tion of blood vessels  [7] .

  A rise in [Ca 2+ ] i  in astrocytes causes constriction of 
cerebral arterioles, which reduces CBF. This is mediated 
by metabolic transformation of astrocyte-derived AA 
into 20-hydroxy-eicosatetraenoic acid, a process that oc-
curs in vascular smooth muscle cells  [7, 9, 10, 12]  ( fig. 2 ).

  Whether a rise in astrocyte [Ca 2+ ] i  causes dilation or 
constriction of an arteriole may in part be determined by 
the preexisting tone of the vessel  [13] , but also by partial 
pressure of O 2  in the tissue  [7] . Astrocytes also synthesize 
and release various vasoactive substances, such as prosta-
cyclin,  adenosine and adenosine triphosphate (ATP), that 
affect the tonus of vascular smooth muscle cells  [14] , but 
these signaling molecules control vascular tone in a feed-
back rather than in a feed-forward manner ( fig. 2 ).

Neuron

Oligodendrocyte

Pericyte

Endothelial cell

Astrocyte

Microglia

  Fig. 1.  The neurovascular unit (NVU): a 
key role of the NVU is to facilitate adjust-
ments of local blood flow and the permea-
bility of capillaries to neuronal activity in a 
feed-forward manner. An important factor 
that regulates local blood flow in the brain 
is the contractility of pericytes; both peri-
cytes and endothelial cells come in close 
contact with end feet of astrocytes; the lat-
ter cells play a key role in neurovascular 
coupling because they are in close proxim-
ity to neuronal synapses (thus, have para-
crine signaling from these cells) on one side 
and have end feet that come in close con-
tact with endothelial cells and pericytes on 
the other side, which permits paracrine and 
direct cell-to-cell communication. Microg-
lia survey the microenvironment, though a 
precise role of these cells on brain capillar-
ies in physiological conditions is not well 
established yet.  
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  Brain microenvironment is largely regulated by the 
permeability of brain capillaries, which have a unique 
phenotype that severely limits free diffusion of solutes 
and molecules across the endothelial layer. This unique 
phenotype is a morphological substrate for the so-called 
blood-brain barrier (BBB). Functionally, the BBB consists 
not only of BECs but is rather a complex cellular system 
with several cell types and basal lamina components 
which regulate its function  [6, 15] . A large number of 
pericytes are embedded in the basal membrane that sur-
rounds microvessels, and astrocytic end feet are in close 
proximity. Astrocytic end feet and BECs interact to form 
the interendothelial tight junctions and basal lamina  [2, 
3, 16] . Pericytes are distributed discontinuously along the 
length of the cerebral capillaries and partially surround 
the endothelium. Both endothelial cells and pericytes 
produce and are enclosed by a perivascular extracellular 
matrix  [16] .

  The influence of astrocytes appears to be essential to 
induce the tight junction formation in BECs through 
paracrine signaling mediated by several trophic and 
growth factors  [4, 16] . In hypoxic conditions, astrocytes 
produce vascular endothelial growth factor (VEGF), 
which is a key signaling molecule that triggers BEC migra-
tion and proliferation  [17] . On the other hand, BECs re-
lease leukemia inhibitory factor, which affects the differ-
entiation and maturation of astrocytes  [18, 19] . Pericytes 

contribute to the regulation of BBB integrity by playing a 
role in the induction of occludin expression, which is one 
of the major tight junction proteins  [4, 15] . Beside their 
primary role in adjusting capillary diameter to metabolic 
demands, pericytes could also affect BEC differentiation 
and phenotype via growth factor release, which stimulates 
endothelial cell proliferation and differentiation, and an-
giotensin 1, which plays a role in endothelial cell matura-
tion and in the induction of their specific phenotype. On 
the other hand, endothelial cells secrete platelet-derived 
growth factor-β, which stimulates the recruitment of peri-
cytes to newly formed vessels  [5, 20–22] . Microglia are 
also closely associated with the endothelium and play sup-
porting roles in the BBB induction and maintenance. It 
appears that microglia can affect remodeling of cerebral 
vessels, enhance vessel branching in the mature brain and 
activate angiogenesis  [23, 24] . Under normal conditions, 
microglia secrete transforming growth factor (TGF)-β, 
which inhibits endothelial cell proliferation, thus stabiliz-
ing microvascular permeability  [25] .

  Microglia Play an Important Role in the NVU 

 Microglia originate from the yolk sac and populate the 
central nervous system (CNS) early in the development 
as amoeboid cells  [26] . They are present more or less 
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  Fig. 2.  A simplified diagram of paracrine signaling in the neuro-
vascular unit. Neuronal activity (i.e. glutamate release) induces va-
sodilation through its action on interneurons or astrocytes. As a 
response to this stimulation, interneurons release NO (1), while 
astrocytes induce vasodilation through several mechanisms (2, 3). 
In addition to that, astrocyte-derived AA (4) could be metabolized 

into 20-hydroxy-eicosatetraenoic acid (20-HETE) in smooth mus-
cle cells, which then induces vasoconstriction. Signaling from cap-
illaries affects the tone of vascular smooth muscle cells via astro-
cytes (5). PGE-2 = Prostaglandin E 2;  EETs = epoxyeicosatrienoic 
acids. 
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evenly in all regions of the brain and account for about 
20% of the glial population in the brain  [27] . Under phys-
iological conditions after birth, microglia are in the rest-
ing state, which is characterized by a ramified phenotype 
with little cytoplasm  [28] . These cells are dynamic; they 
continuously extend and retract their processes, survey-
ing the microenvironment  [28–30] . During develop-
ment, microglia play an important role in neuronal mi-
gration, axonal growth and synaptic remodeling  [27, 28] . 
During postnatal development, microglia are responsible 
for phagocytosis of immature synapses  [28] . However, 
the main functions of microglia are pathogen recogni-
tion, phagocytosis of damaged/apoptotic cells, scaveng-
ing of the damaged neurons, small and inactive synapses, 
tissue debris, infectious agents and macromolecules, reg-
ulation of T-cell responses and induction of inflamma-
tion  [28, 31–34] . Beside these roles, microglia actively in-
teract with other NVU cells, and this interaction plays an 
important role in keeping the environment stable and in 
maintaining hemostasis, as described above.

  Communication of microglia with other cells of the 
NVU is achieved mainly by paracrine signaling that is me-
diated by cytokines, chemokines and growth factors  [33, 
35, 36] . Microglia can affect neuronal activity by releasing 
ATP, which then stimulates astrocytes to release gluta-
mate, which in turn binds to neuronal mGluR5, thereby 
increasing excitatory postsynaptic current frequency  [28, 
37] . In addition, microglia play a role in establishing func-
tional neuronal circuits through several paracrine mecha-
nisms that involve the fractalkine receptor (also known as 
G-protein-coupled receptor-13 or GPR13), complement 
receptors, interleukin (IL)-1β and adaptor protein 
(DAP12)  [28, 38] . Connections between neurons can be 
modified by microglia-derived cytokines, proteases and 
neurotrophic factors, which regulate gap junctions and 
synapses  [34] . On the other hand, it appears that a direct 
physical interaction between microglia with neurons and 
astrocytes could also affect neuronal excitability  [38] .

  Communication between microglia and neurons is bi-
directional and neurons can also modulate microglia  [38, 
39] . They can induce and maintain a quiescent (resting) 
state of microglia by activation of ligand receptors pairs 
(CD200-CD200R), chemokine C-X3-C motif ligand-1 
(CX3CL1-CX3CR1) and by actions of GABA that is re-
leased from inhibitory interneurons  [38, 40] . Electrical 
activity of neurons and neurotrophin release could also 
maintain microglia in the resting state  [31, 39] . In con-
trast, release of nucleotides such as ATP and excessive 
glutamate release can activate microglia  [28, 38, 40] . It is 
not clear to which extend this signaling is important for 

microglial activation in pathological conditions, includ-
ing CI or hypoxia in the brain.

  Microglia are also influenced by astrocytes. During 
normal physiological conditions, astrocytes inhibit mi-
croglial activation by activating soluble astrocyte-derived 
factors such as nuclear factor (erythroid-derived 2)-like 2 
(Nrf2) in microglia, which decreases the microglial pro-
duction of antioxidant enzymes and, thus, also microglial 
reactive oxygen/nitrogen species production  [41] . Astro-
cytes also release TGF-β, macrophage colony-stimulating 
factors and granulocyte/macrophage colony-stimulating 
factors which induce ramification  [8] . In addition, astro-
cytes suppress the microglial expression of IL-12 and the 
production of inducible NO synthase, mediators that in-
duce inflammation  [8, 31] . It is likely that these pathways 
could play some role in microglia activation during CI.

  NVU during CI 

 CI occurs as a consequence of a reduction in the CBF 
to a point that supply of oxygen cannot meet metabolic 
demands. As a consequence, functional impairment and/
or cell death occur, which has been extensively reviewed 
 [42–45] . After the onset of CI, the function and structure 
of neurovascular coupling become affected or disrupted 
 [46] . Prolyl-hydroxylase activity enhances hypoxia-in-
ducible factor-triggered paracrine signaling in the NVU 
that is mainly aimed to provide neovascularization and, 
hence, better perfusion of the tissue; this is an expected 
response of any tissue to hypoxia  [47] . In the brain, this 
process includes degradation of the vascular matrix and 
dedifferentiation of BECs, with loss of their typical fea-
tures ( fig. 3 ); these processes affect BBB integrity  [48, 49] . 
It is assumed that loss of BBB integrity (or the so-called 
secondary ‘opening’ of the BBB) could play a role in ex-
acerbation of neuronal injury via (a) plasma-borne mol-
ecules that normally could not enter interstitial fluid of 
the brain and that could interfere with neurotransmis-
sion; (b) extravasation of plasma proteins, and (c) net flux 
of ions (mainly Na +  and Cl – , but probably also K + ) into 
the brain intracellular fluid  [50] , a process that does not 
occur under normal conditions. The latter two events 
contribute to the development of cerebral edema  [48] , 
while presence of plasma proteins in the interstitial fluid 
could contribute to microglial activation.

  Several mechanisms that play a role in neovasculariza-
tion are involved in the development of BBB dysfunction. 
First, a dysregulation of the activity of the extracellular 
matrix metalloproteinase (MMP) family occurs. Mi-
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crovessels, microglia and astrocytes increase the genera-
tion of pro-MMP-9 and pro-MMP-2  [50, 51] , resulting in 
up-regulation of MMP-9 (gelatinase B) and MMP-2 (ge-
latinase A)  [48, 50, 52] . Oligodendrocyte precursor cells 
also secrete MMP-9  [53] . MMPs degrade extracellular 
matrix proteins, like type IV collagen, heparan sulfate 
proteoglycan, fibronectin, laminin, as well as claudin-5 
and occludin. These morphological changes affect fea-
tures of the endothelial layer. Detachment of BECs from 
the extracellular matrix caused by the activity of MMP 
and VEGF triggers dedifferentiation and mitotic activity 
in endothelial cells together with programmed cell death 

in some of these cells  [2, 48, 50, 54] . In addition, degrada-
tion of the extracellular matrix results in loss of matrix 
adhesion receptors  [2] . Rapid loss of β 1 -integrin recep-
tors, which anchor endothelial cells and astrocytes to ex-
tracellular matrix proteins in the basement membrane, 
also occurs, resulting in leakiness of the BBB, which con-
sequently increases the cerebrovascular permeability  [2, 
54–57] . In addition, as mentioned above, astrocytes re-
lease VEGF, which enhances dedifferentiation and mi-
totic activity and, thus, further increases paracellular per-
meability of the BBB  [48] . Furthermore, detachment of 
astrocyte end feet and some pericytes from the basal lam-

Activation of microglia

(2)

(1)

(7)

Neuronal cell death

Detachment of astrocytes
from capillaries

(4)

(6)

(3)

(5)

Prolonged contraction
of pericytes

Degradation of the extracellular
matrix

Infiltration of peripheral monocytes,
macrophages and sometimes
erythrocytes (hemorrhagic
transformation) and extravasation
of plasma proteins

  Fig. 3.  Events that occur in the NVU during CI. As a consequence 
of a reduction in CBF two processes occur: first, necrosis of neu-
rons, mainly in the core (1) that results in the release of the intra-
cellular content into the interstitial space; this process is partially 
responsible for microglia activation (2). Second, the BBB becomes 
abnormally ‘leaky’, which appears as a consequence of a chain of 
events including degradation of the extracellular matrix (3), de-
tachment of astrocyte end feet from the capillaries (4) and dedif-

ferentiation of capillary endothelial cells with tight junction pro-
tein displacement. In some cases, this process enables protein ex-
travasation and infiltration of peripheral macrophages/monocytes 
and (in some cases) erythrocytes into the brain tissue (5). In addi-
tion, some data indicate that pericytes die and contraction ( rigor 
mortis ) of their filaments (6) further impede blood flow and limits 
reperfusion. These processes cause additional activation of mi-
croglia (7) and may contribute to neuronal death.   
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ina was observed, which also affected integrity of the BBB 
( fig. 3 )  [50] . In addition, chemotactic factors like tumor 
necrosis factor (TNF)-α and IL-1β, which are released 
from microglia and astrocytes, attract peripheral immune 
cells (fig. 3) [50]; this process is facilitated by altered phe-
notype of the BEC. Microglia and astrocytes release pro-
inflammatory cytokines such as TNF-α and IL-1β. TNF-α 
triggers endothelial cell proliferation, while both cyto-
kines up-regulate endothelial adhesion molecule expres-
sion (e.g. ICAM-1, P-selectin and E-selectin); these two 
processes (cell proliferation and adhesion molecule ex-
pression), increase vascular permeability to promote ex-
travasation of peripheral immune cells, erythrocytes, 
platelets and fibrin to the site of injury, which enhances 
inflammation ( fig. 3 )  [58, 59] .

  Ischemia Promptly Activates Resting Microglia and 

Brain Macrophages 

 Several lines of evidence indicate that CI activates rest-
ing microglia and resident macrophages in the brain  [60] . 
Activation changes their shape; they become spherical, 
devoid of branching processes and often contain numer-
ous lysosomes and phagosomes. Activation is to some ex-
tent achieved by necrosis of neurons and/or other brain 
cells, while signaling from other cells of the NVU and 
protein extravasation/leukocyte infiltration across the 
‘leaky’ BBB also play a role ( fig.  3 ). It appears that the 
relative contribution of these three factors could deter-

mine the abundance and the pattern of microglial activa-
tion, as discussed below. Often, activated amoeboid cells 
could be abundant in the core, while the majority of mi-
croglia remain ramified in the bordering areas with pen-
umbra and in the penumbra. However, the precise role of 
activated microglia/macrophages (or ‘reactive’ microglia, 
a term that is sometimes used as a synonym) during CI 
and reperfusion is still a matter of debate. Contradictory 
findings exist on whether microglia/macrophages exert 
injurious or protective effects on other brain cells follow-
ing CI; some data suggested that activation of microglia 
and macrophages following ischemia help in removing 
cell debris  [61, 62]  and promote neuronal sprouting and 
growth, and thus play a neuroprotective role  [63] . How-
ever, in other studies, microglia/macrophage activation 
after CI could also cause secondary expansion of infarc-
tion possibly mediated by microglia/macrophage-medi-
ated cytokines and chemokines, which enhance inflam-
mation, and impairs neurogenesis and axonal regenera-
tion  [64, 65] .

  This ambiguity in the effects of microglia/macrophage 
activation has been partially elucidated by findings that 
peripheral monocytes and macrophages transform, upon 
stimulation, into two fairly different inflammation-relat-
ed phenotypes, termed M1 and M2  [66] , in a process that 
is referred to as ‘polarization’. Consequently, activation 
of microglia can produce two fairly different sets of active 
cells; it appears that this mainly depends on the initial 
stimuli that cause activation. In the so-called ‘classical ac-
tivation’, which was achieved for example by exposure to 
interferon (IFN)-γ, microglia differentiate into the M1 
phenotype, while activation of these cells by IL-4 and/or 
IL-13 induces overlapping cell surface and other pheno-
typic changes that are distinct from those induced by clas-
sical activation and are referred to as M2 phenotype  [66] .

  Activation of microglia/macrophages is characterized 
by a change in their appearance  [67, 68]  and by prolifera-
tion, migration and release of signaling molecules that 
recruit peripheral immune cells, as well as by the expres-
sion of several antigens, including cluster of differentia-
tion (CD)45, CD86 and major histocompatibility com-
plex class II (MHC II), which attract T cells  [34, 69, 70] . 
Transformation to the M1 phenotype (classical activa-
tion) can be induced in resting microglia by lipopolysac-
charides or IFN-γ, and it is believed that it is induced by 
prolonged exposure to inflammatory stimuli in vivo  [71–
74] . Characteristics of the M1 phenotype include up-reg-
ulation of proinflammatory-related surface antigens, in-
cluding MHC II, CD86, CD16 and CD32 ( table 1 )  [26, 75, 
76] . Cells become spherical, retract cell processes  [77] , 

 Table 1.  Microglial markers that are considered typical for the M1 
and M2 phenotypes

M1 phenotype M2 phenotype

CD11b CD206
CD32 CD209
CD16 Ym-1
CD23 CD68
CD40 (TNFR) Mrc1
CD86 (B7-2) CD163
CD80 (B7-1) CD204
MHC II Fizz1 (Relmα)
F4/80 Dectin-1
CCR7

Fizz1 = Resting-like molecule α; CCR7 = C-C chemokine re-
ceptor type 7; F4/80 = mouse homolog of EGF-like module-con-
taining mucin-like hormone receptor-like 1; Mrc1 = macrophage 
mannose receptor, C type 1; Ym-1 = lectin gene family protein 1.
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have reduced ability for phagocytosis and increase secre-
tion of proinflammatory mediators  [78] , NO and prote-
olysis enzymes MMP-9 and MMP-3  [30, 74, 75, 79] . 
These processes affect basal lamina integrity and the BEC 
phenotype, thereby contributing to an increase in para-
cellular permeability of the BBB and subsequent leuko-
cyte infiltration  [80, 81] . Secretion of proinflammatory 
cytokines and subsequent attraction of peripheral im-
mune cells trigger inflammation that could cause damage 
to neurons and other cells of the NVU ( fig. 4 )  [75, 76, 82, 
83] . Important proinflammatory cytokines that are re-
leased under these conditions are TNF-α, IL-12 and IL-6 
 [30, 74, 76, 79] . Significant amount of evidence from in 
vitro studies suggests that activation of microglia by clas-
sical activators like IFN-γ (i.e. polarization to the M1 phe-
notype) or presence of M1 phenotype microglia-derived 
cytokines affects the expression of tight junction proteins 

in the BEC monolayer and increases paracellular perme-
ability  [84] .

  Differentiation into the M2 phenotype can be induced 
in resting microglia in vitro   by IL-4, IL-10 or IL-13  [71, 85, 
86] , and it is believed that it is induced in vivo by patho-
logical events that do not cause abundant necrosis. No 
data exist in the literature so far about any differences be-
tween morphological features of microglia in the M1 phe-
notype compared to the appearance of microglia in the 
M2 phenotype, and therefore the differentiation between 
these two relies mainly on antigen expression and cyto-
kine secretion. Microglia/macrophages with M2 pheno-
type express several distinctive antigens, such as Arg-1 
(arginase), Ym-1 (heparin-binding lectin), CD206 (man-
nose receptor) and CD36 ( table 1 )  [26, 75, 76] . A protec-
tive role of these cells is believed to be mediated by their 
high capability to phagocytize apoptotic and damaged 

Ischemia

Microglial activation
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CD60Conditio
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support m
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  Fig. 4.  Summary of microglial activation and polarization after a 
pathological event (e.g. CI) into the two inflammation-related phe-
notypes and effects of activated microglia in the ischemic brain. 
Precise factors that activate microglia and induce polarization into 

specific phenotypes remain to be identified. Also, it is not known 
what exactly causes the shift between the two phenotypes, which 
apparently occurs in vivo (indicated by a question mark).      
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cells, thereby preventing release of their cellular content 
into the extracellular space, to phagocytize various poten-
tially injurious molecules that have been already released 
in the extracellular space, as well as by secreting several 
anti-inflammatory cytokines, including TGF-β, IL-10, IL-
4, IL-13 and insulin-like growth factor ( fig. 4 )  [72, 87] .

  Recently, it has been stated that cells of the M2 pheno-
type are not homogenous in their action and expression/
secretion of receptors and cytokines; they could be subdi-
vided into subphenotypes, often referred to as M2a, M2b 
and M2c  [31, 88] . The M2a phenotype is induced by IL-4, 
IL-5 and IL-13, and it is characterized by increased mRNA 
expression of Arg-1, mannose receptor and chitinase 
3-like 3; it plays a role in phagocytosis, anti-inflammatory 
responses and repair  [88] . The M2c phenotype is induced 
by the immunosuppressive cytokines IL-10 and TGF-β, 
and is associated with debris scavenging and up-regula-
tion of anti-inflammatory cytokines  [31] . Contrary to 
that, the M2b phenotype is induced by a number of fac-
tors, including immune complexes (binding of FcγR) and 
IL-1β or lipopolysaccharides, and it could exert both pro- 
and anti-inflammatory effects  [35, 88] .

  Time Pattern of Microglia/Macrophage Activation 

after CI 

 Most studies revealed that microglia do not only dif-
ferentiate into one phenotype after CI; in fact, findings 
suggest that microglia expressing both phenotypes are 
present during CI and the recovery period, which follows 
CI if reperfusion is established  [86, 87] . However, contra-
dictory findings exist on the relative proportion of cells 
that express either of the two phenotypes, on the time pat-
tern of polarization and also on mechanisms that trigger 
polarization  [82, 86, 87] . Bearing in mind fairly opposite 
effects of the two phenotypes, these have a significant rel-
evance in understanding the role of microglia during and 
after CI.

  Recent studies have shown that abundance of injured 
neurons in the tissue tends to prime microglia toward the 
M1 phenotype  [76, 86] ; this is probably due to abundant 
release of cellular content into the extracellular space. 
These findings were partially confirmed by a study that 
found that microglia produce proinflammatory cytokines 
and express M1 phenotype-specific markers within the 
first 24 h following the onset of focal CI  [30] .

  Many other studies contradict these findings. It was 
found that markers of M2 were exclusively found in the 
core at 24 h  [76] . There are also other studies suggesting 

that the M2 phenotype is a dominant one within the first 
few days of the recovery period, which was then followed 
by a gradual increase in the number of cells that activate 
the M1 phenotype. In rats, 30 min of middle cerebral ar-
tery occlusion induced early expression of M2 pheno-
type-specific markers, which was later followed by a shift 
to the M1 phenotype during the recovery period  [86] . Mi-
croglia/macrophages with M2 phenotype features domi-
nated in the ischemic period 24 h after focal CI in rats; 
their abundance peaked after 5 days and then declined by 
14 days after ischemia, while the number of cells express-
ing the M1 phenotype gradually increased after ischemia 
and peaked after 2 weeks  [86] . Expression of mRNA for 
TGF-β, which is a typical M2 phenotype-specific cyto-
kine, during transient global and transient focal CI was 
induced 6 h to 2 days and 6 h to 7 days after ischemia, 
respectively  [89, 90] , data that support other in vivo stud-
ies. A study has revealed that mRNA for IL-10, which is 
another M2 phenotype-specific cytokine, increased pro-
gressively from 6 h to 7 days after permanent middle ce-
rebral artery occlusion  [91] . Recently, we found in vitro 
evidence indicating that oxygen-glucose deprivation 
(OGD) triggered early expression and secretion of M2 
phenotype-specific markers and cytokines, which was 
followed by a mixed pattern of expression of the two phe-
notypes  [92] .

  The findings mentioned above contradict each other 
and suggest a mixed pattern of microglia/macrophage ac-
tivation that is present in the ischemic region shortly after 
the onset of ischemia. Also, they suggest that the time pat-
tern of polarization and pattern of relative abundance of 
the two phenotypes depend on the severity and duration 
of ischemia or conditions that mimic ischemia.

  Different patterns of mRNA expression were reported 
by two recent studies  [86, 93]  that examined mRNA ex-
pression of M1 and M2 phenotype markers after CI and 
traumatic brain injury. A study which examined markers 
and cytokines of microglia/macrophage M1 and M2 phe-
notypes from 24 h to 2 months after focal traumatic brain 
injury has found that mRNA expression for both M1 
(CD86) and M2 surface markers (Ym-1 and CD68) was 
significantly increased 5 days after injury, while there was 
no significant change in the expression of Arg-1, a typical 
M2 phenotype-specific marker, at any time point com-
pared to control. In the same study, it was also concluded 
that the responses of macrophages and microglia to focal 
traumatic brain injury are highest between days 3 and 7 
after injury, and the response to injury resulted in a mix-
ture of M1 and M2 phenotypes  [93] .
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  Signals that induce a particular phenotype in microg-
lia/macrophages or that cause a shift between the two 
phenotypes after CI remain unclear. It was found that sig-
naling or release of cellular content from injured neurons 
after CI could trigger a shift from the M2 to the M1 phe-
notype  [86] . In an in vitro study, signaling from other 
brain cells did not play a significant role in triggering ac-
tivation of resting microglia/macrophages towards the 
M2 phenotype after OGD; this process appeared to be 
independent from paracrine signaling and probably initi-
ated by expression of hypoxia-inducible factors – down-
stream genes in microglia  [92] . However, this in vitro 
protocol neither produced a clear polarization of the rest-
ing microglia/macrophages towards the M1 phenotype, 
nor resembled the time pattern of expression of the M1 
phenotype-specific markers any time pattern that was ob-
served in vivo  [92] . Bearing these findings in mind, it 
could be hypothesized that paracrine signaling from oth-
er cells of the NVU plays an important role for the shift 
between the two phenotypes and/or for polarization of 
resting microglia to the M1 phenotype; therefore, these 
processes could not be achieved in vitro in the absence of 
other brain cells. These findings partially resemble and 
partially contradict previous reports that concluded that 
the microenvironment plays a crucial role in triggering 
microglia polarization and in the ‘shift’ between the M1 
and M2 phenotypes  [66] .

   Activated Microglia Affect Other Cells of the NVU, 

Though Its Effects in CI Are Controversial 

  It has been shown in vivo that microglia exert protec-
tive effects on neurons after focal CI  [94, 95] ; however, an 
in vitro study revealed that these protective effects were 
mediated either by resting microglia or polarized micro-
glia with the M2 phenotype, while polarized microglia 
with the M1 phenotype exerted injurious effects on neu-
rons in culture  [90] . It has also been reported that micro-
glia-conditioned medium was protective on astrocytes 
that were exposed to OGD; OGD effects were primarily 
mediated by glial cell line-derived neurotrophic factor 
(GDNF)-related expression of ERK and NF-κB in astro-
cytes  [96, 97] . Expression and secretion of GDNF by ac-
tivated microglia has been well documented  [98] . Other 
studies indicated that microglia can protect neurons and 
astrocytes during CI by releasing TGF-β  [95, 97] . In ad-
dition, a recent in vitro study showed that microglia-con-
ditioned medium was protective for astrocytes that were 
exposed to OGD and that this effect was at least partially 

mediated by TGF-β  [99] , a cytokine that is known to exert 
anti-inflammatory and neuroprotective effects in the 
brain  [100] . It is normally present at low levels in healthy 
brain, but is rapidly up-regulated after any kind of brain 
injury, attenuating inflammatory responses by inhibiting 
glial proliferation, opposing action of proinflammatory 
cytokines and by suppressing the actions of neutrophils 
 [100] . Several studies have shown that application of 
TGF-β decreases the infarct size after focal CI  [95, 97, 
100] . Another important anti-inflammatory cytokine 
that is also considered as a typical M2 phenotype-specific 
marker is IL-10; it suppresses expression and activation 
of the proinflammatory cytokines IL-1 and TNF-α and 
their receptors, as well as expression of Toll-like receptor 
5  [91, 101, 102] .

  Several studies have recently challenged a traditional 
view which assumes that M1 microglia/macrophage-de-
rived cytokines exert predominantly injurious effects on 
other brain cells. Although it is known that obvious and 
well-documented effects of TNF-α in the brain include 
dedifferentiation of BECs and activation of apoptosis  [33, 
103] , it has also been revealed that TNF-α and IL-1β exert 
at least some protective effect on neurons during CI  [104, 
105] . It was assumed that the beneficial effects of these 
two cytokines were at least partially mediated by activa-
tion of nerve growth factor expression  [104] . It is hypoth-
esized that the effect of TNF-α largely depends on the 
receptor types activated by this cytokine: TNF-α mainly 
caused detrimental effects on neighboring cells if it binds 
to TNF receptor (TNFR) 1, while binding of TNF-α to 
TNFR2 could exert at least some neuroprotective effects 
 [101] . TNF-α could also be involved in the reduction of 
intracellular [Ca 2+ ] in astrocytes, thereby reducing poten-
tial damage caused by Ca 2+  overload  [101] . Also, it was 
found that TNF-α activates astrocytes to produce brain-
derived neurotrophic factor, GDNF and VEGF, and these 
signaling molecules are known to exert protective effects 
on neurons  [101] , while GDNF also exerts protective ef-
fects on astrocytes by autocrine signaling  [106] . Another 
cytokine that is released from activated microglia with 
M1 phenotype is IL-6  [107] . This cytokine exerts a proin-
flammatory effect as well as a protective effect for brain 
cells  [108] . In fact, many studies have found that IL-6 is 
an anti-inflammatory cytokine  [109, 110]  playing a pro-
tective role in brain cells  [111–114] . Recently, it has been 
reported that IL-6 exerts protective effects on BECs dur-
ing OGD  [99] .

  We have found that in vitro all tested M1 phenotype-
specific cytokines exerted protective effects on astrocytes 
in primary culture exposed to 24-hour anoxia  [92] . In 
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fact, the most obvious was a protective effect of TNF-α; in 
the presence of this cytokine, viability of astrocytes was 
>90% after 24-hour anoxia compared to around 65% dur-
ing anoxia when TNF-α was not present in the medium; 
this was accompanied by a significant decrease in the per-
centage of cells in early and late apoptosis  [92] . It could 
be hypothesized that these protective effects of M1 phe-
notype-specific cytokines on astrocytes during anoxia 
could play a role in supporting glial cells (i.e. astrocytes) 
to survive anoxic/ischemic conditions, which could be 
important for the proliferation and hypertrophy of these 
cells, a process known as gliosis.

  Conclusion 

 Increasing evidence indicates that activated microglia 
play an important role in events that occur during or fol-
lowing CI. It appears that this pathological condition trig-
gers polarization of microglia and resident macrophages 
into inflammation-related phenotypes and that patterns 
of polarization probably depend on the severity and dura-

tion of the ischemic insult. Activated microglia/macro-
phages play a key role in removing tissue debris, in 
 protecting and supporting remaining brain cells and in 
signaling that occur in the NVU under these conditions. 
However, many processes remain unclear, including ex-
act mechanisms that activate microglia/macrophages 
and/or that trigger a shift between the two main pheno-
types, time pattern of activation and effects of activated 
micro glia-derived cytokines and chemokines on other 
cells of the NVU. A fact that these questions remain un-
answered or are only partially answered is probably due 
to complex signaling in the NVU with secretome profiles 
of NVU cells during CI or anoxia not being established 
yet. This makes exploration of in vivo effects of microg-
lial activation challenging. Elucidation of these processes 
may improve our understanding of events that occur in 
stroke and provide a better therapeutic approach.
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