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Abstract. Increasing evidence hints to the central role of 
neuroinflammation in the development of post‑stroke depres-
sion. Danger signals released in the acute phase of ischemia 
trigger microglial activation, along with the infiltration of 
neutrophils and macrophages. The increased secretion of 
proinflammatory cytokines interleukin (IL)‑1β, IL-6, IL-8, 
and tumor necrosis factor α (TNFα) provokes neuronal degen-
eration and apoptosis, whereas IL‑6, interferon γ (IFNγ),  and 
TNFα induce aberrant tryptophane degradation with the 
accumulation of the end‑product quinolinic acid in resident 

glial cells. This promotes glutamate excitotoxicity via hyper-
excitation of N‑methyl‑D‑aspartate receptors and antagonizes 
5‑hydroxy‑tryptamine, reducing synaptic plasticity and 
neuronal survival, thus favoring depression. In the post‑stroke 
period, CX3CL1 and the CD200‑CD200R interaction mediates 
the activation of glial cells, whereas CCL‑2 attracts infiltrating 
macrophages. CD206 positive cells grant the removal of exces-
sive danger signals; the high number of regulatory T cells, IL‑4, 
IL‑10, transforming growth factor β (TGFβ), and intracellular 
signaling via cAMP response element‑binding protein (CREB) 
support the M2 type differentiation. In favorable conditions, 
these cells may exert efficient clearance, mediate tissue repair, 
and might be essential players in the downregulation of molec-
ular pathways that promote post‑stroke depression.
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1. Introduction: Systemic and neuroinflammation are both 
characteristic in certain forms of post‑stroke depression

Stroke is a medical emergency that frequently results in 
severe neurological sequelae and other complex dysfunctions. 
Among these, post‑stroke depression (PSD) is prevalent, being 
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experienced by about one‑third of stroke patients (1,2). PSD 
diminishes the quality and expectancy of life through multiple 
factors: Cognitive decline, high rate of suicide, increased risk 
of falls, functional impairment, and poor response to rehabili-
tation (3). Depression not only decreases the quality of life of 
those affected, but it is also associated with a shorter interval 
to recurrent stroke and higher mortality (4,5).

There are many hypotheses about the underlying molecular 
pathways of depressive disorders: the monoamine neurotrans-
mitter hypothesis, the hypothalamus‑pituitary‑adrenal axis 
dysfunction hypothesis, the neurotrophic hypothesis, and the 
neuroinflammation hypothesis. These hypotheses are comple-
mentary rather than contradictory and probably address 
distinct features of the same multi‑faceted disease.

Substantial evidence supports the dominant presence 
of inflammation in depressive disorders (6), especially the 
so‑called atypical depression, which can be characterized by 
fatigue, increased appetite, weight gain, hypersomnia, hypoac-
tive hypothalamus‑pituitary‑adrenal axis, altered metabolism of 
the frontoparietal cortex, and a high association with fibromy-
algia and chronic fatigue syndrome (7). In atypical depression, 
signs of systemic inflammation have been detected: higher 
circulating levels of C‑reactive protein, interleukin‑1β (IL‑1β), 
and tumor necrosis factor α (TNFα) along with the dominance 
of IL‑2 positive Th1 lymphocytes. Along with increased circu-
lating proinflammatory cytokines, the presence of the typical 
systemic acute‑phase reaction has been described (8). The acti-
vation of proinflammatory mediators perpetuates the oxidative 
and nitrosative stress in the central nervous system, with the 
consumption of n‑3 polyunsaturated fatty acids, glutathione, 
coenzyme Q10, and, in general, antioxidant capacity; this 
activity triggers pronounced changes in 5‑hydroxytryptamine 
and N‑methyl‑D‑aspartate (NMDA) signaling (6).

According to considerable evidence, pro‑resolving macro-
phages, often labeled as M2 type cells, play a distinct role 
in the clearance of the perished tissue, exert tissue repair, 
and may rewire survivor neurons. However, the phenotype 
of these cells is yet incompletely characterized (9). Despite 
indirect evidence, the putative role of M2 type macrophages 
in post‑stroke depression has not been analyzed previously. In 
this narrative review, we present mostly experimental, but, in 
some cases, human data to describe the regulatory processes of 
the post‑stroke period. We concatenated information clusters 
concerning the role of neuroinflammation in purinergic stress, 
altered glutamatergic signaling, neuroprogression, suggesting 
that M2 type macrophages might feature as prominent scav-
enger and reparatory actors in post‑stroke depression.

2. Post‑stroke depression, genetic factors and lesion local‑
ization

PSD is characterized by mood disorders with depressive 
features or major depressive‑like episodes (10). Genetic factors, 
location of the lesions, and grade of post‑stroke physical and 
intellectual disability influence the severity and duration of 
PSD. Among genetic factors, the serotonin‑transporter‑linked 
polymorphic region 5‑HTTLPR and solute carrier family 6 
member 4 STin2VNTR polymorphisms of the serotonin 
transporter gene and hypermethylation of the 5‑HTTLPR s/s 
genes have been associated with the onset and duration of 

PSD (10). Association of PSD with stroke localized to specific 
brain regions was postulated many years ago (11). According 
to some observations, lesions proximal to or in the frontal 
pole, or the limbic area, were more frequently associated with 
PSD (12,13), but other studies failed to confirm these topo-
logical correlations (14,15). Although lesion volume reportedly 
has predictive value for the outcome, contradictory results have 
been published (16‑20). Other studies correlated PSD with 
lesions of the medial prefrontal cortex, thalamus, amygdala, or 
pallidum by defining the disruption of frontal cortico‑limbic 
neuronal circuits (18,21,22). Recent pioneering studies 
performed by voxel‑based symptom lesion mapping could 
not resolve the ambiguity; however, two groups confirmed the 
correlation of PSD severity with dorsolateral prefrontal and 
left cerebellar hemispheric localization (20,23,24).

Physical disability may be in part caused by PSD, but at 
least in some patients, the disability and PSD are indepen-
dently associated with the primary event (25).

There is poorly known, whether PSD, as an outcome 
has common or different underlying molecular pathways in 
different topological involvements. Neurotrophic factor‑related 
findings translate, at least in some degree, divergence depen-
dent on lesion localization.

3. Brain‑derived neurotrophic factor: A link between puri‑
nergic signaling, neuroinflammation and depression

Brain‑derived neurotrophic factor (BDNF) is a growth factor 
member of the neurotrophin family that is essential for 
neuronal development, survival, and plasticity. BDNF plays an 
important, differential modulatory role in the development and 
evolution of mood disorders; depression and stress are accom-
panied by low levels of neurotrophic factor and dendritic 
atrophy in the hippocampus and prefrontal cortex whereas 
high‑level, transient stress‑induced synthesis is characteristic 
of individual nuclei of the amygdala and nucleus accum-
bens (26). From experimental work and clinical studies (which 
focused on neurological disorders such as traumatic injury, 
Parkinson's disease, multiple sclerosis, and neuropathic pain), 
it is known that BDNF is synthesized not only in neurons and 
astrocytes but also in microglia (27‑31).

BDNF mRNA levels were reportedly decreased in the 
dentate gyrus and hippocampus of rats exposed to the chronic 
stress of prolonged immobilization (32). The Val66→Met66 
point‑mutation that causes deficient BDNF secretion 
increases susceptibility to anxiety, depression, and bipolar 
disorder (33,34). It has also been found that antidepressant 
treatment increases the synthesis of BDNF, and a neurotrophic 
hypothesis of depression has been reported (35). In rat models, 
many kinds of older or newer antidepressant medications, 
e.g., monoamine oxidase inhibitors, selective serotonin reup-
take inhibitors, tricyclic agents, specific serotoninergic drugs, 
electroconvulsive shock therapy, and transcranial magnetic 
stimulation, trigger increased production of BDNF. In patients 
with major depression, low values of BDNF in serum, plasma, 
and platelets have been reported (36,37). Circulating BDNF 
is at least partially produced in the brain, and it can pass the 
blood‑brain barrier (38). Treatment with selective serotonin 
reuptake inhibitors as well as serotonin and norepinephrine 
reuptake inhibitors has been reported to raise plasma BDNF 
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levels, and the molecule has been designated as a biomarker 
for antidepressant therapy (37,39). BDNF has differential 
effects in various regions of the brain in depression: whereas it 
is diminished in the prefrontal cortex and the hippocampus, it 
is also implicated in malfunctioning of the depression‑related 
mesolimbic reward center, which is the ventral tegmental 
area‑nucleus accumbens dopaminergic circuit; administration 
of exogenous BDNF in this area induces depressive‑like symp-
toms. Phasic activity of dopaminergic neurons in the ventral 
tegmental area‑nucleus accumben region triggers BDNF in 
stressed mice (40,41). In an experimental stroke, a 2‑fold rise 
of BDNF expression was found in the ischemic core region, 
which gradually decreased to the reference level at seven 
days (42).

The synthesis and release of BDNF in microglia appear to 
be tightly associated with the activation of ATP‑sensitive puri-
nergic receptors, especially P2X4R. During a stroke, dying 
neurons and other cells from the ischemic region release ATP, 
which addresses the transmembrane P2X4 purinergic recep-
tors of glial cells. Upregulation of these receptors accompanies 
microglial activation, P2X4R‑triggered resident microglia, 
and infiltrating macrophages, which are important sources of 
pro‑inflammatory cytokines and mediators of the post‑stroke 
immune response (43,44). Activated P2X4R facilitate the 
release of BDNF from these cells (30). Verma et al (45) created 
global and myeloid‑specific P2X4R null mice and subjected 
them to transient occlusion of the middle cerebral artery. The 
authors found upregulation of PX4R on neurons in wild‑type 
animals, especially on microglia. In female mice with global 
receptor deletion, the volumes of cortical and hemispheric 
infarcts were significantly smaller and the recovery better 
than in controls and their male littermates. However, the 
myeloid‑specific P2X4R knock‑out had different effects: 
besides a quick sensorimotor recovery, the animals of both 
sex had anhedonia and depressive‑like behavior along with 
high expression of IL‑1β, IL‑6 and TNFα; low BDNF mRNA 
in the perilesional cortex; and low plasma titers of the cyto-
kines (45). These results indicate that the global deletion of the 
P2X4 receptor is neuroprotective and suspends neuroinflam-
mation, but when deletion affects only the microglia favors 
a depression‑prone and pro‑inflammatory phenotype. One 
possible reason for this dichotomy is that microglia lacking 
P2X4 possesses low BDNF synthesizing capacity.

4. The post‑stroke immune pathways and tissue repair

A short overview of the post‑stroke immune response. The 
immune system is thought to play a critical role in the course 
and the main outcomes in PSD (46). Recent data suggest that 
PSD is related to complex immune deregulation: immuno-
suppression, neuroinflammation, and a characteristic shift in 
microglia/macrophage phenotype in the lesional area. After 
the onset of stroke, injured neurons and glial cells quickly 
activate the neighboring astrocytes through the expression 
of damage‑associated molecular patterns (high mobility 
group box‑1, HMGB1; peroxiredoxins, PRX; galectin‑3) (47). 
These cells, along with resident microglia, secrete a set of 
pro‑inflammatory cytokines (IL‑1β, IL‑6, IFNγ, TNFα), 
chemokines, and matrix metalloproteinases, like MMP‑9, 
contributing to the disruption of the blood‑brain barrier (48). 

Neuronal‑derived fractalkine (CX3CL1) further amplifies 
microglia activation. IL‑1β, TNFα, and complement C1q 
secreted from microglia trigger reactive astrogliosis with the 
appearance of A1 type cells, which manifest high expression 
of genes associated with neuronal damage and death, such as 
Neutrophil gelatinase‑associated lipocalin (Lcn2) and Serine 
protease inhibitor A3N (Serpina3n) (49). Oligodendrocytes are 
also affected by ischemia, losing their capacity to remyelinate 
neuronal axons. Neutrophils are attracted by various chemo-
kines, i.e. CCL2,9,10,11,20; their accumulation in the lesional 
zone reportedly worsens the clinical outcomes (47). With 
a close shift, monocyte‑derived macrophages pass through 
the injured blood‑brain barrier, penetrate the core lesion and 
also deploy at the perilesional zone, the penumbra. Peripheral 
monocytes are recruited through monocyte chemoattractant 
protein (MCP‑1 or CCL‑2), and due to danger signals received 
from the environment, switch to a pro‑inflammatory pheno-
type, releasing various metalloproteinases and reactive oxygen 
species (48). In the chronic recovery phase, in an IL‑4, IL‑10, 
and transforming growth factor β (TGFβ) containing milieu, 
infiltrating macrophages may switch their differentiation path 
to an anti‑inflammatory phenotype. IL‑4 released from injured 
neurons mediates this transition through the interferon regula-
tory factor (IRF)‑4 signaling (50).

Astrocytes also orchestrate the adaptive immune response 
and T‑cell invasion of the ischemic region, occurring 3 days 
to 1 month after stroke. IL‑15 signaling increases the number 
of CD8+ cytotoxic T cells and also the invasion of natural 
killer lymphocytes, which is a detrimental effect (51). Th17 
cells are also over‑represented and activated (52). Recent 
studies underscore the central role of CD4+/CD25+/Foxp3+ or 
CD4+/CD25+/CD127- regulatory T cells, which proliferate and 
are detectable in ischemic lesions up to 30 days (48,53). A high 
number of Tregs at 48 h is associated with the right functional 
outcome; reversely, a decreased number indicates a higher prob-
ability for early neurological deterioration (53,54). Tregs also 
provide neurovascular protection through the downregulation 
of MMP‑9, but this effect depends on their IL‑10 synthesizing 
capacity. IL‑10 producer Tregs are susceptible to antagonize 
IFNγ and TNFα (55). B lymphocytes are also detectable in the 
invader cell populations; as B‑cell deficient mice show larger 
infarct volumes and more severe neurological deficit, their role 
seems to be somewhat protective, especially in the presence of 
IL‑10 (48). However, it was also documented that B‑cells and 
autoantibodies probably induce delayed cognitive deficit and 
dementia (56).

Molecular processes and tissue repair in immediate and 
subacute phase of post‑stroke recovery. The timeline of 
the post‑stroke immunological response has been sketched 
by Rayasam et al (57). They proposed four consecutive but 
functionally interweaving phases: Innate immune response, 
adaptive immune response, and resolution. Immediately 
after the ischemic event, reactive oxygen species, heat shock 
proteins, and nucleoside triphosphates (ATP, UTP) are 
released from the ischemic tissue. Two important danger 
signals appear: HMGB1 promotes the breakdown of the 
blood‑brain barrier, and peroxiredoxins quickly activate 
the Toll‑like receptors of myeloid cells (58). As a result of 
these actions, the innate immune response is initiated, and 
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post‑synaptic NMDA and α‑amino‑3‑hydroxy‑5‑methyl‑
isoxazole‑4‑propionate (AMPA) receptors are stimulated. 
NMDA receptors are cation influx regulators, which support 
neuronal health, especially synaptic plasticity, that is neces-
sary for learning and memory. In ischemia, in contrast to 
these useful activities, a dichotomous behavior was observed: 
overactivation of NMDA receptors mediates glutamate excito-
toxicity; however, AMPA receptors foster synaptic plasticity 
and long‑term potentiation (40,59). Some heat shock proteins, 
such as Hsp70 and Hsp27, seem to promote neuronal survival, 
whereas Hsp32, known as heme oxygenase (HO‑1), might 
have a dual role reacting with ferrous ions and production of 
hydroxyl radicals (pro‑oxidant), but inhibiting lipid‑perox-
idation and lowering neuronal apoptosis, if overexpressed 
(anti‑oxidant) (60,61). These proteins, together with other 
free radicals, induce mitochondrial failure and apoptosis. 
Immediately after the injury, resident microglia and astro-
cytes are activated, followed by the infiltrating neutrophils 
(which likely appear in the first hour) (62) and an increasing 
proportion of mononuclear/macrophage cells of myeloid 
origin. Microglia and infiltrating macrophages are receptive 
to distinct chemotactic signals: the former react to CX3CL1 
(fractalkine) and the latter to CCL2 proteins. In the past, the 
two species could not be phenotypically differentiated, but 
nowadays, they can be distinguished based on their Ly6C, 
CD45, or transmembrane protein 119 expression (63,64). In 
the subacute phase of recovery, M2 type microglia secrete 
neurotrophic factors, such as TGFβ or IGF, remove disabled 
synapses and prevent the degradation of the extracellular 
matrix through arginase‑1 (Arg1). Pro‑resolving macrophage 
subspecies expressing the macrophages scavenger receptor‑1 
(MSR‑1 or CD206) are responsible for the clearance of 
HMGB1 and PRX (65).

Cell survival and salvage signals in the ischemic region. 
Surprising results were disclosed concerning distinct ways 
of cell death and survival in stroke. Jiang et al (42) applied a 
focal ischemic and embolic stroke model to identify survivor 
cells in the core lesion of strokes. Using TUNEL assay and 
caspase‑3 staining, they found a mixed form of cell death, 
with the emergence of intense apoptosis and autophagy in 
addition to necrosis. They also found that >80% of the cells in 
the core were macrophage/microglia and that among ionized 
calcium‑binding adapter molecule‑1 (Iba‑1) positive cells, 
viable NeuN‑positive elements coexisted even days after the 
ischemic event (42). It has been proposed that early regula-
tory signals, such as IL‑4 and miRNA‑124 (66,67), which are 
emitted by damaged neurons, favor the rapid formation of 
M2 type resolving microglia/macrophages. Phosphatidylserine 
exteriorization of neurons is a strong phagocytotic signal, that 
is divisive for M1 and M2 type cells. The first, emitting high 
concentrations of reactive oxygen species, oxidize membrane 
phosphatidylserine molecules often destroying not only dead, 
but also viable neurons; the second react instead to chemically 
unmodified, but exteriorized phosphatidylserine, recognizing 
it like a classical, ‘eat me signal’ (66).

M2 type microglia produce higher levels of F‑actin, 
being more inclined to phagosome formation, clear the 
irreversibly damaged structures by phagocytosis, while 
M2 type infiltrating cells also show intense phagocytosis, 

releasing anti‑inflammatory cytokines, mainly IL‑4, IL‑10 
and TGFβ (57,66). These cytokines exert direct and indirect 
protective roles: IL‑10 is a negative regulator of IL‑1β, IL-6 
and TNFα, whereas TGFβ manifests neuroprotection through 
the synthesis of nerve growth factor (NGF) and upregulation 
of anti‑apoptotic proteins, such as Bcl‑2 and Bcl‑x1 (66).

In C57BL IL‑4 knockout mice, the lack of IL‑4 turned 
on M1 type differentiation: When IL‑4 was administered, the 
balance was reversed and M2 type cells dominated; moreover, 
IL‑4 was beneficial in long‑term functional recovery (68). 
Liesz et al (55) proposed a strong interaction between 
invader leucocytes and resident microglia. They observed 
that in perforin deleted mice, anti‑CD49d therapy inhibited 
not only leukocyte migration in the lesional area but also a 
significant reduction of Iba‑1+ microglia cell counts and IFNγ 
secretion, along with a robust reduction of the infarct volume. 
IL‑10‑expressing regulatory T cells also help M2 type 
macrophage/microglia differentiation through activation of 
glycogen synthase kinase 3β and a phosphatase and tensin 
homolog (69).

The essential signaling interactions and the multicellular 
modulation of tissue repair are shown in Fig. 1. Titova et al (70), 
using functional neurological tests and magnetic resonance 
imaging, investigated the late‑phase effects of middle cerebral 
artery occlusion (MCAO) on proton‑irradiation preconditioned 
rats. On post‑stroke day 7 (which by extrapolation corresponds 
to 7‑8 months for humans), T2 tissue relaxation scores and 
neurological severity scores were correlated and characterized 
the late‑stage brain recovery (intensive neovascularization, 
the presence of Von Willebrand factor/glial fibrillary acidic 
protein‑positive glio‑vascular complexes, enhanced neuronal 
viability, and decreased numbers of phagocytes).

5. The microglia/macrophage network in post‑stroke de‑
pression

The macrophage theory of depression, polarization and the 
classification dilemma. Applying histochemical analysis and 
computer‑assisted stereological cell counting, Ongür et al (71) 
discovered that microglial density in the subgenual prefrontal 
cortex, especially in the Brodman's 24, is reduced in patients 
with major depressive and bipolar disorder. Resident microglia 
constitute ~5‑12% of all central nervous system cells; they 
derive from myeloid precursors of the embryonic yolk sac. 
Studies performed with in vivo two‑photon imaging technology 
confirmed that in the resting form, microglia continuously 
monitor the microenvironment, emitting numerous protru-
sions (72). Microglia are especially susceptible to danger 
signals, which transform them to a reactive phenotype, 
characterized by the shortening of cellular processes and 
swelling and enlargement of the soma; in the extreme form 
they have an ameboid appearance, completely lacking cellular 
processes (59).

Smith (73), in 1991, proposed the macrophage theory of 
depression, invoking the role of pro‑inflammatory signals, 
cytokines, hormones and various causes of macrophage 
activation, such as infection, allergy or systemic autoimmune 
disease. In his medical hypothesis, he mentioned the high 
prevalence of depression in post‑stroke patients with athero-
sclerotic background, and he proposed a primary role for the 
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quickly activated IL‑1 producers, monocytes and microglia. 
He also argued for the strong inhibitory role of n‑3 polyunsatu-
rated fatty acids on IL‑1 and TNFα secretion by macrophages, 
cardiovascular events and depression in Japan (73).

The M1‑M2 concept of macrophage differentiation origi-
nates from observations made in macrophages obtained from 
C57BL/6 and Balb/c mice (9). The two sub‑species can be 
differentiated by their arginine metabolism: M1 cells convert 
L‑arginine to nitric oxide by inducible nitric oxide synthase, 
whereas the M2 type expresses Arg1 and produces mainly 
citrulline. Other relevant end‑products in the latter are poly-
amines and proline, necessary for tissue repair and extracellular 
matrix regeneration. The M2 type cells downregulate their 
MHCII molecules, thus decreasing antigen presentation (74). 
These observations suggest an overt pro‑inflammatory role for 
M1, and, in contrast, pro‑resolving abilities for M2 cells.

Macrophage polarization nowadays seems to be a more 
complicated process than it was initially modeled. According 
to a newer classification, M2 type cells include three function-
ally different subtypes: M2a produces anti‑inflammatory and 
trophic factors, M2b has transitional phenotype between M1 
and M2a, whereas M2c are primarily phagocytes and suppress 
the innate immune system (74). Xue et al (75) differentiated 

macrophages in the presence of GM‑CSF or M‑CSF, applying 
in the second phase of differentiation 28 different stimuli to 
analyze their transcription patterns. They found that when 
IFNγ + TNFα or IL‑10 were added, the cells maintained their 
differentiation paths along the M1/M2 axis. However, when 
adding stimuli not directly linked to the M1/M2 polarization, 
they registered a whole spectrum of transcriptional signatures 
and suggested that many different macrophage phenotypes 
may exist (75). Also, it turned out that relevant markers of 
M1 or M2 type activation are somewhat overlapping: Arg1 
expression is strongly upregulated after IL‑4 stimulation, 
which also elicits weak iNOS2 expression, whereas (lipo-
polysaccharide) LPS or LPS + IFNγ administration also 
provoke Arg1 slightly (9). Moreover, the gene expression 
signatures of the in vivo LPS‑non‑responsive M2 and in vitro 
alternatively (IL‑4) stimulated macrophages are only partially 
shared. Common regulatory pathways comprise proliferation, 
apoptosis, differentiation, and arginine metabolism (both 
express Arg1) (76). Two transcription factors competing for 
the same activators are responsible for the M1/M2 phenotype 
switch: cAMP response element‑binding protein (CREB) and 
nuclear factor-κB (NF‑κB) both link to C/EBP and CBP/p300; 
CREB mediates the M2 type, while NF‑κB transmits M1 type 

Figure 1. Generation and multi‑cellular modulation of the proinflammatory environment in post‑stroke depression. ATP released from injured neurons acts 
as a danger signal and alerts the surrounding microglia via P2X4 purinergic receptors, triggering M1‑type microglial activation and ameboid transformation. 
These cells, together with the infiltrating M1‑type macrophages release IL‑1β, IL‑6, TNFα, and other pro‑inflammatory mediators, partially in microvesicles 
and exosomes. Soluble CX3CL1 generated by metalloproteinase‑mediated cleavage enhances the invasion of inflammatory cells, along with CCL2 released by 
astrocytes. Two receptor‑ligand interactions between neurons and microglia control neuronal survival and regeneration. Membrane‑bound CX3CL1 coupling 
to CX3CR1 maintains synaptic plasticity, contributes to synapse development and keeps microglia in a surveyor state. CD200‑CD200R signaling determines 
a phenotype shift towards M2‑type microglia. miR‑124a, miR‑132, and miR‑134 are released from homeostatic microglia and facilitate neuronal survival. M2 
phenotype switch is protective, but insufficient M2 activity together with MIF‑1 may cause the perpetuation of the pro‑inflammatory microenvironment and 
may contribute to the development of post‑stroke depression. IL, interleukin; TNFα, tumor necrosis factor α.
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differentiation. Gsk3β activates NF‑κB, but inhibits CREB; 
PI3Akt suspends the activation of Gsk3β, thus pushing the 
differentiation balance to the M2 phenotype (66).

Some authors even argue that the M1 vs. M2 nomenclature 
is useless since there is a significant overlap in their transcrip-
tional profiles, which show no hint of differentiation‑organizing 
value (77). The nomenclature guidelines now recommend the 
exact definition of activators and the use of multiple markers 
of activation to characterize the phenotype (9).

Homeostatic regulatory loops and imbalance in ischemia. 
Growing evidence highlights the existence of bidirectional, 
versatile communication between neurons and resident 
microglia in the animal and human brain. Neurons regulate 
microglia through specific ligands, such as CD200 and CX3CL1 
(fractalkine), which attach to their receptors, CD200R, and 
CX3CL1R. Neurons seem to influence both the basic and 
activated state of microglia also by classical neurotransmitters, 
e.g., glutamate, and γ‑aminobutyric acid (59,78). Modulation of 
CD200 signaling was proposed to promote a phenotype shift 
of macrophages towards the arginase‑1 producer, reparatory 
M2 subtype, through the cAMP‑responsive element‑binding 
protein‑C/enhancer‑binding protein‑β (CREB‑C/EBP‑β) 
signaling pathway. Ligand‑binding to the CD200 receptor 
tyrosine‑based inhibitory ITIM‑motifs suppresses downstream 
signaling through Src homology 2 domain‑containing phos-
phatase 1 and inhibits the danger‑signaling through the pattern 
recognition receptors, thus suppressing the development of the 
inflammatory medium. In parallel, microglia release neuro-
trophic factors and downregulate the expression of MHC II, 
CD45, and Fc receptors (74). In this scene, microglia show the 
M2 phenotype, halt antigen presentation and stay in quiescent 
surveillance of their microcosmos. CD200‑Fc treatment of 
lipopolysaccharide‑triggered rat macrophages upregulates M2 
cells while downregulating the M1 subtype and IL‑1β, IL-6 
and G‑CSF (79).

Cerebral ischemia changes this equilibrium dramatically. 
In ischemic conditions, CD200 expression of neurons is 
reversely related to their viability, while CD200R is upregu-
lated in microglia (59). This time, the monocyte‑macrophage 
network work as a reliable sensor for many damage‑associ-
ated, homeostasis‑spoiling messengers. Xu et al (80) recently 
reported that elevated levels of plasma macrophage migration 
inhibitory factor‑1 (MIF‑1) are a risk for post‑stroke depres-
sion. MIF‑1 is produced in the pituitary gland constitutively, 
but especially in response to the stress of inflammatory 
stimuli (81,82). The transcription factor of a danger signal, 
HMGB1, is a repressor of MIF‑1 and can be targeted by 
microRNA19a, which has similar effects of MIF‑1, i.e., 
promotion of vascular inflammation and foam‑cell forma-
tion in the atherosclerotic vessel wall (83). Ischemic stroke 
is associated with the emergence of neoantigens in the brain, 
and the myelin‑specific, T‑cell‑mediated immune response 
is detrimental in the long‑term post‑stroke period (57). 
According to Meng et al (85), ATP and FasL in parallel induce 
the M1 macrophage phenotype, with the secretion of IL‑1β 
and MMP‑3/MMP‑9, and activated microglia contribute to the 
inflammatory microenvironment with the production of TNFα 
and reactive oxygen species (84). Pro‑inflammatory signals 
also act via positive feed‑back loops: extracellular ATP stress 

induces the pattern recognition receptors and triggers NF‑κB 
signaling, which results in IL‑1β, IL‑18, and Nod‑like receptor 
pyrin 3 (NLRP3) transcription. Further, inflammasome 
NLRP3 facilitates the caspase‑1‑mediated enzymatic cleavage 
of pro‑IL‑1, amplifying the pro‑inflammatory milieu (74).

Microglia, M1‑ and M2 type macrophages can be 
differentiated in brain tissue. Zarruk et al (64) applied 
permanent MCAO on LysM‑EGFP (bearing EGFP inserted 
into the lysosome M locus) knock‑in transgenic mice. 
According to their setting, microglia can be identified as 
CD11+/CD45+/Ly6G-/LysM-EGFP- cells, while macrophages 
are CD11+/CD45+/Ly6G-/LysM-EGFP+ elements. The authors 
showed differential expression of Arg1 (1000X higher in 
macrophage) and IL‑1β (90X increased in macrophages 
compared with microglia). Wattananit et al (86) performed 
interesting long‑term follow‑up experiments to differentiate 
between resident microglia and infiltrating macrophage effects 
in cerebral ischemia: They generated chimeric CX3CR1‑GFP 
mice and used them as bone‑marrow and monocyte donors 
for transplantation to whole‑body irradiated (except the 
head) CD57BL animals subjected to MCAO. They found that 
GFP‑positive bone marrow‑derived macrophages invaded 
the ischemic lesion and expressed a predominant pro‑inflam-
matory Ly6Chigh phenotype at three days, then switched to 
an anti‑inflammatory Ly6Clow preponderance at seven and 
14 days, when the cells also highly expressed BDNF. At seven 
days, both pro‑inflammatory (IL‑1β, IL‑6, TNFα and NOS) 
and anti‑inflammatory (TGFβ, CXCL13 and CD163) gene 
expressions were high in hemicerebral tissue homogenates, but 
at 14 days only the anti‑inflammatory set remained upregu-
lated. Selective monocyte depletion with the anti‑MCP‑1 
antibody at a late stage (seven weeks) impaired behavior in 
functional‑staircase and corridor tests, while repressing TGFβ 
and CD163 at the late stage. These results indicated that early 
infiltration of monocytes in the injured brain is critical for 
efficient long‑term recovery (86). Horváth et al (87) recently 
reported that microglia/macrophages participate in the cellular 
infiltrate of the ischemic rat brain 24 h after transient MCAO, 
both in the ischemic core and the surrounding penumbra zone; 
in the core lesion, inducible nitric oxide synthase 2‑positive 
microglia/macrophages dominated, whereas Arg1‑positive 
cells in the penumbra were upregulated.

Microglial microvesicles and exosomes in neuroinflam‑
mation. Exosomes are membrane‑derived, secreted 
globular complexes of small diameter, typically 30‑100 nm. 
Microvesicles are larger, 100‑1,000‑nm particles that are 
shed from a variety of cells (88). Microvesicles have been 
proposed as biomarker vehicles in stroke; however, due to 
their heterogeneity and methodological limitations, they have 
been, until recently, the subject of only small‑scale clinical 
studies. Endothelial microvesicles reportedly generate in vitro 
angiogenesis in an oxidative stress‑dependent manner (89). 
Both exosomes and microvesicle deliver a complex molecular 
burden: membrane and cytosolic proteins, messenger 
RNA, and miRNA. Leroyer et al (90) demonstrated that 
microvesicles obtained from the apoptotic or IL‑1β-triggered 
endothelial cells of the ischemic limb promote endothelial 
differentiation of bone‑marrow‑derived mononuclear cells, 
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whereas particles obtained from atherosclerotic plaques are 
ineffective. In a stroke, reactive microglia secrete exosomes 
and microvesicles containing IL‑1β, IL-1β processing enzyme, 
and the ATP‑sensitive P2X7 receptor. Besides containing 
soluble factors, these vesicle‑packed mediators also propagate 
neuroinflammation. Microvesicles possess a complex signature 
of miRNAs, consisting of hundreds of regulatory molecules, 
among which miR‑132 and miR‑134 supervise synaptic 
plasticity, and miR‑124a responds for axonal outgrowth in 
regenerating neurons. In the prefrontal cortex of depres-
sive patients, the vesicle‑encapsulated miR‑1202 powerfully 
interferes with glutamatergic/dopaminergic signaling (88). 
Moreover, in the peripheral monocytes of major depressive 
patients' specific signatures were described with increased 
miRNA‑26b, miRNA‑1972, miRNA‑4485, miRNA‑4498 
and miRNA‑4743; the predicted target genes were linked to 
biological processes probably involved in depression, including 
axon guidance and extension, synaptic transmission, learning 
and memory (88).

ATP triggered increased secretion of microvesicles 
containing specific mRNA transcript sets for the parental 
pool in IL‑4 vs. IFNγ and lipopolysaccharide‑treated M1‑ and 
M2 type peritoneal macrophages (91). Upon ATP stimulation, 
macrophages and microglia released IL‑1β and elements of the 
inflammasome (91,92).

6. Mediators of neuroinflammation are key elements in the 
post‑ischemic response

Pro‑inflammatory cytokines and neuroprogression in cere‑
bral ischemia. Substantial evidence indicates that classic 
pro‑inflammatory cytokines induce neuroprogression (neuro-
degeneration, enhanced apoptosis, and low regeneration 
capacity of neurons). IL‑1β exacerbates neural cell death and 
upregulates NMDA receptors (93), thus impairing hippo-
campal neurogenesis. Also, IL‑1β decreases the hippocampal 
expression of a survival factor‑neurotrophin tyrosine kinase 
and induces the production of free radicals and degradative 
MMP in astrocytes and endothelial cells. Other inflammatory 
cytokines, e.g., IL‑6, seem to have a dual role in neuronal 
homeostasis: overexpression of IL‑6 in mice causes neurode-
generation (94). Grønhøj et al (95) investigated the effects of 
intravenously administered IL‑6 in parallel with the soluble 
IL‑6 receptor in mice with permanent MCAO. They found that 
IL‑6 alone improved motor and sensory functions and did not 
affect the size of infarction in wild‑type C57BL/6 animals, but 
it reduced infarct size in IL‑6‑/‑ counterparts.

Moreover, co‑administration of IL‑6 and IL‑6R increased 
infarct size 24 h after permanent MCAO, worsened the 
motor functions, and triggered the invasion of polymor-
phonuclear leucocytes. Increased expression of IL‑6 and 
IL-6R has been detected in the surviving cortical neurons 
72 h after permanent MCAO (95). A putative pathway of 
IL‑6 trans‑signaling to promote depression is the down-
regulation of methyl CpG‑binding protein 2 and local 
melatonin production in macrophage/microglia (96). TNFα 
is involved in the perpetuation of ischemic brain damage 
by inducing apoptosis via caspase‑mediated pathways and 
glutaminase upregulation together with inhibition of gluta-
mine transporter activity (97). IFNγ is a potent inducer of 

indoleamine 2,3‑dioxygenase (IDO), with the generation of 
multiple neurodegenerative effects through tryptophan cata-
bolic products (6). In acute human ischemic stroke, plasma 
concentrations of IL‑6, IL‑8 and TNFα were significantly 
higher at 72 h, but reduced quantities of IL‑1β, IL-6, IL-8 and 
TNFα mRNA were detected in peripheral leukocytes, and the 
only variation of IL‑6 was correlated with the severity and 
outcome of stroke (98). IL‑1 and TNFα act synergistically on 
the stimulation of NF‑κB (99). Pro‑inflammatory cytokines 
act via mitogen‑activated protein kinase targets, among which 
the ERK1/2 kinase pathway is implicated in neuronal func-
tions, such as plasticity, maintenance, survival, and immune 
responses of neurons (100,101).

It has been demonstrated in an endothelin‑induced focal 
cerebral ischemia model, that peripheral administration 
of TNFα can induce IL‑4 and IL‑10 and suppress IFNγ in 
the brain if applied on the innate immune system training 
background (repeated administration of LPS) (102). This 
striking result indicates that cytokine production in resident 
microglia is contextual and should always be interpreted in 
conjunction with external inductors and inhibitors. Apart 
from this, prolonged elevation of pro‑inflammatory mediators 
determines neurodegeneration and neuronal loss, and probably 
preconditions PSD.

The pathogenic role of proinflammatory cytokines in 
post‑stroke neuroprogression is synthesized in Fig. 1.

TNFα and IFNγ interfere with glutamatergic signaling in 
post‑stroke depression. The association between elevated 
concentrations of pro‑inflammatory cytokines and major 
depression has often been proposed (103,104). A meta‑analysis 
found that blood concentrations of IL‑6, TNFα and IL-2R 
are significantly higher in major depressive disorder patients 
than in healthy controls, but the analysis did not evaluate 
the relationship between these cytokines and the severity of 
depression (105). An early study that linked high IL‑6, TNFα 
and IFNγ levels with post‑stroke depression (106) found a 
12‑fold increase of IL‑6 and a 40‑fold increase of IFNγ in 
stroke patients who developed depression in a 12‑month  
follow‑up but had no symptoms at the time of first hospital 
admission. The association of IL‑6 and IFNγ has an essential 
functional consequence, since these cytokines both upregulate 
the tryptophan‑degrading enzyme IDO, thus increasing the 
metabolization of tryptophan and reducing the synthesis of 
serotonin (107). Neurons, microglia and infiltrating monocytes 
all express IDO, but their catabolic end products are different; 
neurons metabolize tryptophan to 5‑HT, and astrocytes produce 
kynurenic acid, whereas the main end‑product in microglia is 
quinolinic acid, which provokes glutamate release (108) and 
suspends glutamate uptake, resulting in increased quantities 
of extrasynaptic glutamate (109). Quinolinic acid is an NMDA 
receptor agonist that enhances the extrasynaptic NMDA 
receptor response and decreases BDNF production (7).

Moreover, quinolinic acid increases nicotinamide‑adenine‑
dinucleotide (NAD+), induces sirtuin‑1 and ‑3, and finally, 
inflicts mitochondrial dysfunction (96). Interestingly, the 
dispersion of NMDA receptor and quinolinic acid‑producing 
microglia cells overlap in the subgenual and dorsal anterior 
cingulate cortex (7). In summary, pro‑inflammatory cytokines 
inhibit the 5‑HT synthesis and its neurotrophic effects in 
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the brain while upregulating tryptophan metabolites, among 
which quinolinic acid mainly generates harmful effects: 
Hippocampal cell death and neuronal degeneration; excito-
toxicity via the NMDA receptors; inhibition of glutamate 
uptake; increased production of reactive oxygen species; and 
mitochondrial dysfunction (7,110). Individuals who have acute 
depressive episodes have higher quinolinic acid concentra-
tions in their blood and cerebrospinal fluid (111). On the 
other hand, BDNF and 5‑HT are ambassadors of synaptic 
plasticity and neuronal survival, and they positively influ-
ence each other: BDNF stimulates the growth and survival 
of 5‑HT neurons, whereas 5‑HT facilitates the expression of 
BDNF in the ischemic brain. The selective 5‑HT1A agonist 
8‑hydroxy‑2‑(di‑n‑propylamino) tetralin suppresses the phos-
phorylation of NMDA receptor subunit NR1 at Ser897 and 
thus prevents excessive NMDA receptor activation (112).

The alteration of tryptophan metabolism and the regula-
tory pathways of glutamate excitotoxicity are shown in Fig. 2.

The role of other well‑known inflammatory cytokines in 
PSD is not clear. The link between IL‑17 and depression is 
contradictory: Davami et al (113) found no relationship of 
depression with serum IL‑17, whereas Liu et al (105) found 
elevated levels, but only in depressed patients with rheuma-
toid arthritis as a co‑morbidity. Th17 cells and retinoic acid 
receptor‑related orphan receptors, a transcription factor crucial 

for the development of depression, can increase susceptibility 
to the disorder (114). IL‑17‑expressing lymphocytes are 
elevated as early as one hour after the ischemic trigger in 
transient MCAO (115). A study that profiled the IL‑17 mRNA 
elevation curve in cerebral ischemia found an elevation after 
one day, a peak at day 3, and high protein concentrations 
persisting at day 6 (116).

Osteoprotegerin and RANKL modulate the post‑isch‑
emic inf lammatory response and the pro‑resolving 
microglia/macrophage activation. In a hypoxia‑ischemia 
cellular model, oxygen and glucose deprivation stimulated 
TNFα‑ and IFNγ‑mediated cytotoxicity on neurons and 
oligodendrocytes. TNF also exerted toxicity on neurons, 
but this effect was modulated through its decoy receptors, 
osteoprotegerin (OPG), and TNF‑related apoptosis‑inducing 
ligand R2 (117). OPG is also a decoy receptor for the receptor 
activator of nuclear κB ligand (RANKL), making part of the 
regulatory OPG/RANKL/RANK triad and is significantly 
increased in acute stroke and other atherosclerotic manifes-
tations of atherosclerotic polyvascular disease (118,119). In 
wild‑type mice, OPG, RANKL and RANK, all are overex-
pressed at the ischemic border region. In OPG‑/‑ mice, the 
RANKL/RANK signaling reduces cerebral edema and 
infarction volume, but the effect is the opposite when these 

Figure 2. Ischemic neuron‑glia cell interactions alter tryptophane metabolism and induce glutamate excitotoxicity. ATP‑triggered resident microglia releases 
pro‑inflammatory cytokines IL‑6, IFNγ and TNFα. These activate indoleamine 2,3‑dioxygenase, degrading tryptophan to kynurenine, 3‑OH kynurenine, 
3‑OH anthranilic acid and finally, quinolinic acid. Increased quinolinic acid in the region of injury provokes neurodegeneration, apoptosis, whereas reactive 
oxygen species production excites NMDAR, and mediates glutamate excitotoxicity, increasing the risk of post‑stroke depression. Microglia also secrete BDNF, 
which shows high concentration in the ischemic core, probably in a reparative endeavor, but is downregulated in the systemic circulation. AMPAR and 5‑HT 
receptors are suppressed, decreasing synaptic plasticity and neuronal survival. IL, interleukin; TNFα, tumor necrosis factor α; IFNγ, interferon γ; BDNF, 
brain‑derived neurotrophic factor.
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signals are repressed. Baseline mRNA levels of IL‑6, TNFα, 
IL-1β, monocyte chemoattractant protein‑1 MCP‑1, iNOS and 
Arg1, obtained from neuronal‑glial mixed cultures, are low in 
OPG‑/‑ mice (120). When these animals suffered brain infarc-
tion, IL‑6, TNFα, IL-1β, MCP‑1, and iNOS concentrations 
remained lower, and Arg1 values were higher than in wild‑type 
counterparts. Thus, via Arg1, RANKL probably is a positive 
regulator of M2 type resolution‑promoting macrophages. In 
wild‑type controls, RANKL also reduced IL‑1β and MCP-1 
but did not affect the expression of iNOS and Arg1. A possible 
explanation of this finding is a more robust alternative acti-
vation of macrophages in the absence of OPG (120). Table I 
summarizes evidence suggesting the specific microenviron-
ments and M2 type differentiations with roles in post‑stroke 
depression.

7. Experimental evidence for pharmacological checkpoints 
of inflammation

MMPs are critical regulators of neuronal death/survival 
and tissue regeneration. The overexpression of MMP‑9 was 
documented in the ischemic brain, and a causal relationship 
with the disruption of the blood‑brain barrier and hemorrhagic 
transformation has been proposed (121). In a global cerebral 
ischemia model, the cyclooxygenase 2 inhibitor robenacoxib, 
when administered alone, enhanced neuronal death rather 
than protecting the cells (122); however, when administered 
together with salubrinal, an endoplasmatic reticulum stress 
inhibitor, robenacoxib diminished neuronal loss and glial 
activation. 2‑Hydroxyarachidonic acid, a cyclooxygenase 
inhibitor, acts suspending also on phospholipase A2, a 
mediator of membrane phospholipid cleavage, and decreases 
infarct volume in rats (123). In a carotid embolism stroke 
model, atorvastatin and meloxicam reduced the inflamma-
tory process, neurodegeneration, and morphological changes 
specific for astrocytes and microglia (124). Llorente et al (125) 
examined whether meloxicam protects against glutamatergic 
excitotoxicity in cultures of organotypic hippocampal slices. 
They found decreased mRNA synthesis of glutamatergic 
transporters VGLUT1, VGLUT2, GLAST‑1A, GLT‑1 and 
EAAC‑1 and some receptor subunits, but not of membrane 
transporters. They concluded that the drug could selectively 
modulate the expression of the glutamatergic signaling system 
components along the NMDA: AMPA receptor stoichiometry 
and repress glutamate excitotoxicity, leading to neuronal 
death. Meloxicam represses low‑grade inflammation, even in 
non‑vascularized tissues (126), and has a dual beneficial effect 
on extracellular matrix repair. Through its anti‑fibrotic effect, 
downregulates the hydroxyproline production and collagen 
deposition, and it is angiostatic and anti‑oxidant through 
stimulation of glutathione peroxidase, catalase, superoxide 
dismutase, and decrease of lipid peroxidation and myeloper-
oxidase activity (127,128). In a model of kidney interstitial 
fibrosis, meloxicam inhibited type IV collagen mRNA together 
with the heat shock protein hsp47, which are indispensable 
for collagen synthesis, ERK and JNK kinases (129). The 
anti‑fibrotic and anti‑collagenolytic effects were also evident 
in rat liver and cartilage, where meloxicam downregulated 
collagen type I and II degradation, smooth muscle actin α, 
hydroxyproline, and, interestingly, TGFβ along with tissue 

inhibitor of MMP‑1 (TIMP‑1) (128,130). Linalool, a mono-
terpene, was effective in treating glutamate excitotoxicity by 
improving the altered profiles of mono‑/polyunsaturated fatty 
acids in membrane phospholipids, reducing microgliosis and 
cyclooxygenase‑2 (Cox‑2) expression, and by improving motor 
and cognitive performances of ischemic Wistar rats (131). Our 
recent research (132,133) revealed that fish oil with high eicos-
apentaenoic acid content triggered an M2/M1 macrophage 
phenotype shift in the spleen and bone marrow of rats exposed 
to transient MCAO. C‑phycocyanin and phycocyanobilin, the 
chromoproteins of cyanobacteria Spirulina platensis, exert 
beneficial effects in ischemic animal models. Besides inhibi-
tion of Cox‑2 and upregulation of BDNF expression, they limit 
the proinflammatory mediators IL‑17A, IL‑1β and TNF‑α, 
promote the differentiation of oligodendrocytes, and support 
the repair of ischemic demyelination (134).

CR2‑Crry, an overall inhibitor of complement pathways, 
and CR2‑fH, an inhibitor of the alternative pathway, reduce 
microglia/macrophage activation, infarct size, and improve 
neurological scores in mice in the acute post‑stroke phase. In the 
subacute phase, only the alternative pathway inhibitor improved 
neurological deficit, neurogenesis, and neuronal migration and 
also downregulated neutrophil infiltration, IL‑1α, and a series 
of matrix metalloproteinases; protection against cell death was 
especially evident in the hippocampus (135). Cox‑2 inhibition 
with rofecoxib increases 5‑HT levels in the prefrontal and 
parietal cortex. Another Cox‑2 inhibitor, celecoxib, efficiently 
decreases the hypothalamus proinflammatory cytokine levels 
and the behavioral impairment in experimental models (136). 
Celecoxib, combined with antidepressants, such as fluoxetine 
or sertraline, exerts a more substantial anti‑depressive effect 
than the antidepressant alone (137,138). Anti‑TNF therapy is 
effective in reducing neuroinflammation (139). Suppression 
of inflammatory signs was also observed in HIV‑1 trans-
genic adolescent rats, with signs of depression and high 
expression of MCP‑1 in the hippocampus; oral meloxicam 
treatment reduces MCP‑1 but does not reverse the depressive 
behavior (140). In an exciting new approach, Liu et al (141) 
applied 50% argon/50% oxygen on Wistar rats supposed to 
tMCAO, 3 h after starting the procedure, and 1 h after reperfu-
sion. They observed the gas mixture improved significantly 
a 6‑point neuroscore, neuronal survival (measured as the 
intensity of NeuN expression), and a robust polarization of 
macrophages to the Iba‑1+/Arg1+ M2 form.

8. Discussion

Post‑stroke depression occurs in about one‑third of stroke 
patients; depression decreases the quality of life, predicts the 
recurrence of stroke, and increases the mortality rate. In PSD, 
many studies have reported disruption of frontal cortico‑limbic 
circuits, although this functional dysequilibrium is probably a 
consequence of the post‑stroke immune response and neuro-
inflammation.

Brain‑derived neurotrophic factor, synthesized in neurons, 
astrocytes, and microglia, is essential for neuronal survival, 
plasticity and may play an essential role in the recovery phase 
of stroke. Antidepressant treatments restore BDNF levels, 
which, interestingly, also are increased in the ischemic core of 
rats with experimental stroke. The release of BDNF is tightly 
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Table I. Suggesting evidence for the role of pro‑resolving, M2 type microglia/macrophage in post‑stroke depression.

Experimental Cytokine/mediator
model environment Host Effect Author/Refs.

Middle cerebral  Anti‑CD49d antibodies Perforin‑/‑ mice Anti‑CD49d therapy depleted infiltrating Liesz et al (55)
artery occlusion   lymphocytes, Iba‑1+ microglia, 
   and IFNγ secretion
Transient middle OPG deletion OPG‑/‑ mice and Baseline levels of IL‑6, TNFα, IL-1β, Shimamura et al 
cerebral artery RANKL? wild‑type mice MCP‑1, iNOS and Arg1 low (120)
occlusion   After brain infarction, IL‑6, TNFα, IL-1β, 
   MCP‑1 remained low, ↑ Arg1 expression
   in OPG‑/‑ animals RANKL positive
   regulator of M2 type differentiation
Peripheral miRNA‑26b, miRNA‑1972,  Human Predicted effects: Impaired  Brites and
monocytes of miRNA‑4485,   axon guidance and extension,  Fernandes (88)
major depression miRNA‑4498, and  synaptic transmission, 
patients miRNA‑4743 upregulation  learning and memory
Synthesis on different CD200 Mice/human CD200R is upregulated on microglia,  Szepesi et al
animal models   but CD200 signaling fades (59)
and human findings   in ischemic neuronal injury
Peritoneal CD200‑Fc Rat CD200R signaling via CREB‑C/EBP‑β  Hayakawa et al
macrophage culture   promotes Arg1+ microglia differentiation, (79)
   silent state, anti‑inflammatory phenotype
   Upregulation TGFβ, downregulation of IL‑1β, 
   IL‑6 and G‑CSF
Cerebral ischemia IL‑4 Mice Amplification of M2 type differentiation,  Xia et al (66)
   but no attenuation of the functional
   outcome and lesion size
Cerebral ischemia IL‑4, IL‑10, TGFβ Mice M2 type myeloid cells present Xia et al (66)
   intense phagocytosis and increased
   secretion of IL‑4, IL‑10, TGFβ
Transient middle  IL‑4 C57BL IL‑4‑/‑  Reversal of M1 type, differentiation Liu et al (68)
cerebral artery
occlusion/  mice by IL‑4 administration IL‑4
permanent distal   beneficial in the long‑term recovery
middle cerebral
artery occlusion
Focal cerebral miRNA‑124 C57BL/6 Increased number of Arg1+ microglia/ Taj et al (67)
ischemia   macrophage, increased neuronal survival
Middle cerebral Bone marrow‑ Chimeric Ly6Clow, BDNF+ bone‑marrow‑derived Wattananit et al
artery occlusion derived monocyte CX3CR1‑GFP macrophages in the ischemic lesion at 14 days (86)
 transplantation and whole  High TGFβ, CXCL13 and CD163
  body‑irradiated expression in hemicerebral tissue homogenate
  C57BL mice
Middle cerebral Anti‑MCP‑1 Chimeric CX3CR1‑ Selective monocyte depletion with Wattananit et al
artery occlusion  GFP and whole  anti‑MCP1 antibody resulted in impaired (86)
  body‑irradiated functional tests in the late‑stage recovery
  C57BL mice (at 7 days post‑stroke)
Intracerebral IL‑10 C57BL/6 IL‑10‑treated Tregs support M2
hemorrhage CD28SA male mice microglia/macrophage differentiation through
   glycogen synthase kinase 3β and
   phosphatase and tensin homolog
   Boosting Tregs with CD28 agonist enhances Zhou et al (69)
   M2 type differentiation, TGFβ, 
   and IL‑10 producer cells
Murine ischemic MSR‑1 deletion Mice HMGB1 and PRX are internalized Shichita et al
stroke in infiltrating  in vitro through MSR‑1 (65)
 myeloid cells  MSR‑1 and Marco deficiency impairs
   clearance of DAMPs, exacerbates
   inflammation and neuronal injury

IL, interleukin; Iba‑1, ionized calcium‑binding adapter molecule‑1; IFNγ, interferon γ; OPG, osteoprotegerin; TNFα, tumor necrosis factor α; Arg1, argi-
nase 1; RANKL, receptor activator of nuclear factor‑κB ligand; CREB‑C/EBP‑β, cAMP‑responsive element‑binding protein‑C/enhancer‑binding protein‑β; 
MCP‑1, monocyte chemoattractant protein 1; HMGB1, high mobility group box 1; PRX, peroxiredoxin; MSR‑1, macrophage scavenger receptor 1.
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linked to the activation of ATP‑sensitive purinergic P2X4R 
receptors, which are dense on resident microglia and infiltrating 
macrophages. The importance of purinergic signaling in stroke 
and PSD is reflected by the fact that global knock‑out of P2X4R 
reduces infarct size, whereas myeloid‑specific deletion causes 
anhedonia and depressive behavior in the late‑stage.

Danger signals released in the acute phase of stroke transmit 
glutamate excitotoxicity via NMDA receptors. In the acute phase, 
ischemia turns on inflammatory mechanisms: neutrophils and, 
later, monocytes invade the lesion due to chemotactic signals, 
such as CX3CL1 and CCL2. Pro‑inflammatory cytokines, 
especially IL‑1β, TNFα, IL‑6 and IFNγ, elicit neuronal degen-
eration, apoptosis, and low regeneration capacity, and interfere 
with tryptophan catabolism. The main degradation product of 
tryptophan in microglia is quinolinic acid, an NMDA receptor 
agonist and 5‑HT antagonist that exerts glutamate excitotoxicity, 
suppressing glutamate uptake, reducing synaptic plasticity and 
neuronal survival. Experimental studies have revealed that the 
anti‑inflammatory cytokines IL‑4, IL‑10 and TGFβ are protective 
in stroke by limiting the lesions and determining macrophages to 
M2 type differentiation. In the chronic recovery phase, resident 
microglia and macrophages probably have a central role in 
modulating tissue repair, BDNF signaling, 5‑HT neurotrans-
mission and thus the development of post‑stroke depression. 
However, according to recent observations, these cells differ in 
their behavior. In essence, resident microglia in some circum-
stances seem to be silent, other times pro‑inflammatory, whereas 
bone‑marrow‑derived infiltrating monocytes at the late recovery 
stage are anti‑inflammatory and may play a critical role in the 
late‑phase tissue repair and neurological rehabilitation. Some 
ambiguity persists in the nomenclature of pro‑resolving macro-
phages, and there is a clear need for the accurate description of 
their stimuli and extended phenotype. Moreover, since it has been 
documented that repeated peripheral pro‑inflammatory stimuli 
can train microglia and downregulate their cytokine expression, 
future studies dedicated to the mapping of brain‑repair factors 
need to address in parallel both the local and peripheric immune 
response.
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