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Microglia and macrophage phenotypes in
intracerebral haemorrhage injury: therapeutic
opportunities

Qian Bai,1,2,3 Mengzhou Xue1,3 and V. Wee Yong4

The prognosis of intracerebral haemorrhage continues to be devastating despite much research into this condition. A prominent

feature of intracerebral haemorrhage is neuroinflammation, particularly the excessive representation of pro-inflammatory CNS-

intrinsic microglia and monocyte-derived macrophages that infiltrate from the circulation. The pro-inflammatory microglia/macro-

phages produce injury-enhancing factors, including inflammatory cytokines, matrix metalloproteinases and reactive oxygen species.

Conversely, the regulatory microglia/macrophages with potential reparative and anti-inflammatory roles are outcompeted in the

early stages after intracerebral haemorrhage, and their beneficial roles appear to be overwhelmed by pro-inflammatory microglia/

macrophages. In this review, we describe the activation of microglia/macrophages following intracerebral haemorrhage in animal

models and clinical subjects, and consider their multiple mechanisms of cellular injury after haemorrhage. We review strategies and

medications aimed at suppressing the pro-inflammatory activities of microglia/macrophages, and those directed at elevating the

regulatory properties of these myeloid cells after intracerebral haemorrhage. We consider the translational potential of these

medications from preclinical models to clinical use after intracerebral haemorrhage injury, and suggest that several approaches

still lack the experimental support necessary for use in humans. Nonetheless, the preclinical data support the use of deactivator or

inhibitor of pro-inflammatory microglia/macrophages, whilst enhancing the regulatory phenotype, as part of the therapeutic ap-

proach to improve the prognosis of intracerebral haemorrhage.
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Introduction
Intracerebral haemorrhage (ICH) accounts for �12–20%

of all strokes. It affects over 2 million individuals annually

and is associated with a high mortality rate (Cordonnier

et al., 2018). Moreover, ICH carries a worse prognosis

than the predominant type of stroke caused by ischaemia.

ICH associated with hypertension remains the most

common form of haemorrhagic stroke. ICH may also be

caused by coagulopathy, cerebral amyloid angiopathy,

brain tumours, vascular anomalies, brain trauma, or pre-

mature birth. The mortality rate at 30 days for ICH is 43–

51% (An et al., 2017). Recovery following ICH is poor

and most survivors retain a considerable functional handi-

cap related to the specific site of haemorrhage. The most

common sites of hypertensive ICH are the caudate/putamen

(basal nuclei), thalamus, cerebellum and pons. When ICH

occurs, blood collects in the brain and causes brain

damage, neuronal death and varying degrees of functional

impairments, associated with neuroinflammation.

Microglia constitute 5–10% of the total cellular popula-

tion within the normal brain; they act as the first and main

form of active immune defence intrinsic to the CNS (Poon

et al., 2017). In response to pathology signals, they can

change morphologically and functionally, and can migrate

towards these signals. Unless specifically differentiated by

lineage markers, microglia and monocyte-derived macro-

phages in the injured CNS parenchyma are not readily dis-

tinguished from one another so we refer to them here as

microglia/macrophages (M/M). Microglia primarily use

phagocytic and cytotoxic mechanisms to destroy foreign ma-

terials, similar to macrophages. Both microglia and mono-

cyte-derived macrophages contribute to pro-inflammatory

and homeostatic mechanisms within the brain through the

secretion of cytokines and other signalling molecules.

Recently, border-associated macrophages in the meninges,

choroid plexus and perivascular cuffs have been described,

and they are distinct from parenchymal microglia or mono-

cyte-derived macrophages (Prinz et al., 2017). As these have

not been specifically addressed in their potential roles in

ICH, they have not been included in this review.

In health, the ramified microglial cell is commonly found

throughout the entire CNS with a small soma that remains

fairly motionless; nonetheless, the long-branched processes

of microglia are in constant motion to survey the micro-

environment (Nimmerjahn et al., 2005). Herein, we describe

the activation of M/M following ICH in animal models and

clinical subjects, consider their multiple roles after haemor-

rhage including pro-inflammatory (also referred to in the

literature as inflammatory) and regulatory (also cited as

homeostatic, non-inflammatory, anti-inflammatory or rep-

arative) phenotypes, and review therapeutic strategies to im-

prove the prognosis of ICH based on modulation of these

M/M roles. Where possible, we evaluate the strength of evi-

dence and translational potential of proposed medications

from animal studies to human subjects to treat ICH.

Pathophysiology of brain
damage after intracerebral
haemorrhage
Brain injury immediately following ICH is generally

described as primary injury, which includes direct mechan-

ical disruption due to the enlarged haematoma and physical

stretch, compromise of local cerebral blood flow through

mechanical and chemical factors, and raised intracranial

pressure and reduced cerebral perfusion pressure resulting

from cerebral oedema (Kingman et al., 1987). Secondary

injury occurs in a temporal dynamic progression of inter-

twined degenerative, inflammatory and biochemical cas-

cades culminating in tissue damage and cell death (Shao

et al., 2019). The most widely appreciated component of

the intracerebral inflammatory response is the influx of

blood-derived monocytes that become macrophages in the

brain; concordantly, CNS-intrinsic microglia are activated

(Lan et al., 2017a). The activated M/M phagocytose

haematoma breakdown products. Subsequently, the haema-

toma becomes a cavity that contains proteinaceous fluid,

scar components such as extracellular matrix deposition,

and M/M, surrounded by reactive astrocytes (Altumbabic

et al., 1998).

Figure 1 encapsulates the inflammatory cascades of neu-

roinflammation in ICH with the focus on M/M (summar-

ized from Mracko and Veltkamp, 2018; Shao et al., 2019;

Shi et al., 2019), providing the background for the inter-

ventions to be described in this review. Immediately follow-

ing the primary injury with pronounced death of neurons,

there is release from degenerating neurons and the neuropil

of damage-associated molecular patterns (DAMPs) includ-

ing heat shock proteins, high-mobility group box 1

(HMGB1) and extracellular matrix fragments, many of

which act on toll-like receptors (TLRs) on microglia. In

response, the activated microglia release factors such as

reactive oxygen species (ROS, e.g. superoxide) and reactive

nitrogen species (RNS, e.g. nitric oxide), as well as matrix

metalloproteinase (MMPs), chemokines and cytokines. The

latter include interleukin 1b (IL-1b) and -6 (IL-6), and

tumour necrosis factor alpha (TNF-�), which activate

local endothelial cells as in other tissues to upregulate

levels of the adhesion molecules selectins, and integrin-

binding intercellular cell adhesion molecule 1 (ICAM1)

and vascular cell-adhesion molecule 1 (VCAM1).

Together with a chemokine gradient, the elevated vascular

adhesive proteins trap leucocytes, particularly neutrophils

that then transmigrate into the CNS parenchyma within

the early minutes to hours of injury; lymphocytes enter

hours to days later. Monocytes in the circulation are re-

cruited in the early hours of ICH, and they mature into

macrophages in the CNS parenchyma.

Besides the immune cell recruitment, blood and blood

components enter into the brain parenchyma immediately

after ICH. When erythrocytes begin to disintegrate within
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the haematoma, haemoglobin (Hb) is released and it can

cause brain damage through iron-dependent formation of

oxidative species and heme (Wang and Dore, 2007). Other

components of blood that are toxic or cause brain inflam-

mation include thrombin, MMPs, plasmin, and comple-

ment proteins. Agonists of TLRs from plasma that enter

the brain parenchyma and/or produced by brain cells also

contribute to neuronal injury (Nishino et al., 1993).

Overall, an inflammatory response that includes microglia

activation and leucocyte infiltration, enzyme activation, and

release of many mediators of injury such as Hb, iron and

reactive oxygen and nitrogen species (Garcia et al., 1994)

propagates the cell death resulting from primary injury

within the CNS. Together, these primary and secondary

events culminate in extensive damage to neural cells.

Animal models of
intracerebral haemorrhage
Animal models of ICH have been developed and used to

explore the pathogenesis of ICH. They are also used to

evaluate preventive or therapeutic strategies in ICH in sev-

eral species including mouse, rat (Xue and Del Bigio,

2000), pig (Wagner et al., 1999) and primate (Bullock

et al., 1988). However, rodent models have been used pre-

dominantly in studies of M/M in ICH. Three main models

are used to mimic spontaneous ICH (Table 1).

Intracerebral haemorrhage animal
model induced by collagenase

A collagenase proteolytic enzyme is injected into the cere-

brum to induce ICH by destruction of the extracellular

matrix-rich basement membrane around capillaries in the

brain (Rosenberg et al., 1990); this leads to opening of the

blood–brain barrier causing intraparenchymal bleeding

(Rosenberg et al., 1990; Wang and Tsirka, 2005). The ad-

vantage of this model is that it produces highly reprodu-

cible haemorrhage and mimics spontaneous ICH without

significant blood leakage along the needle track. A disad-

vantage of this model is that the collagenase seems to cause

greater inflammatory reactions than autologous blood in-

jection, another model of ICH to be discussed later. This

collagenase model has been used to test treatment and to

study the activation of M/M following ICH in rodents

(Rosenberg et al., 1990; Rosenberg and Navratil, 1997;

Ohnishi et al., 2011; Lively and Schlichter, 2012; Wang

et al., 2017a; Yang et al., 2019).

Intracerebral haemorrhage animal
model induced by thrombin

Thrombin toxicity activates microglia and promotes cyto-

kine production that causes neuroinflammation and cell

death. Thrombin released from haematoma is a major con-

tributor to secondary brain damage in acute ICH (Xue and

Figure 1 The early cascades of ICH with focus on M/M. Following the primary injury (I), damage-associated molecular patterns (DAMPs)

released from compromised neural cells and the extracellular matrix engage pattern recognition receptors on microglia (II), resulting in the latter’s

activation. Blood products leaked into the circulation during primary injury (I) also activate microglia in addition to causing further damage. The

activated microglia release a variety of products that exacerbate degeneration (III) and these disrupt the blood–brain barrier and help attract

leucocytes including monocyte-derived macrophages (IV) into the CNS parenchyma. The result is the generation of pro-inflammatory microglia/

macrophages (M/M).
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Del Bigio, 2001). Intrastriatal thrombin injection that im-

pairs neurogenesis and spatial memory function is partly

mediated by inflammation, characterized by the activation

of CD68 positive M/M (Yang et al., 2015b). This model

has been used to study the mechanisms of thrombin tox-

icity that cause neuroinflammation and cell death (Yang

et al., 2015b). A disadvantage of this model is that it pro-

vides minimal utility beyond thrombin toxicity research.

Intracerebral haemorrhage animal
model induced by autologous whole
blood

The autologous whole blood-induced ICH model has been

used extensively in rats (Bullock et al., 1984; Nath et al.,

1986) and mice (Xue et al., 2003a, 2006). Autologous

whole blood may be obtained from the animal’s tail or

femoral artery, then directly injected into selected brain

areas. Alternately, the femoral artery may be attached dir-

ectly to a cannula to simulate pressure/pulsation. The intra-

cranial-deposited blood can cause brain oedema, cell death,

leucocyte infiltration, M/M activation, and behavioural im-

pairment (Xue and Del Bigio, 2000; Xue et al., 2006). A

disadvantage of this model is that autologous blood depos-

ition does not reproduce the rupturing of a blood vessel in

spontaneous ICH. An advantage is that this method allows

anatomically localized haematomas to be created. This

model has been used to study the brain injury mechanisms

following ICH including activation of M/M in rodents.

Phenotypes of microglia/
macrophages
Microglia typically respond to acute brain injury by develop-

ing classic pro-inflammatory signatures. However, while po-

tentially neurotoxic, there are benefits of neuroinflammation

in fostering CNS recovery after neural injury, as highlighted

by examples from multiple sclerosis, traumatic spinal cord

injury, stroke, and Alzheimer’s disease (Yong et al., 2019).

Indeed, more and more studies demonstrate that microglia

can play protective roles after stroke, in both the subacute

and chronic phases (Yang et al., 2016; Li et al., 2017; Zhou

et al., 2017), through a regulatory/homeostatic phenotype.

Animals treated with IL-4, a cytokine that generates regu-

latory/homeostatic cells, exhibit elevated numbers of non-

inflammatory and regulatory M/M phagocytes that remove

cellular debris (Lively et al., 2016). Neuroprotective strate-

gies aimed to convert pro-inflammatory to regulatory

phenotypes reduce inflammatory injurious processes and

improve phagocytosis of debris and functional recovery,

as discussed below.

Figure 2 depicts soluble mediators released by pro-inflam-

matory or regulatory M/M (Mishra and Yong, 2016). In

general, molecules released by pro-inflammatory M/M tend

to propagate an inflammatory response. These molecules in-

clude IL-1b, IL-6 and TNF-�, which activate endothelium

and promote leucocyte recruitment as aforementioned, and

chemokines including CXCL8, CCL2 and CCL5, which

serve to attract neutrophils, monocytes and lymphocytes, re-

spectively. The regulatory M/M favour the release of anti-

inflammatory cytokines (Fig. 2), including IL-4, IL-10 and

IL-13; and other mediators such as IL-1 receptor antagonist

(IL-1Ra) and transforming growth factor-b1 (TGFb1) that

counter the activity of pro-inflammatory molecules.

Pro-inflammatory and regulatory M/M also have cell-

associated molecules and enzymes that differ from one an-

other (Fig. 3), and that help account for their differential

properties (Mosser and Edwards, 2008; Mishra and Yong,

2016; Wynn and Vannella, 2016; Beaino et al., 2017).

These include, for pro-inflammatory versus regulatory

cells, the enzymes inducible nitric oxide (iNOS) and argi-

nase-1 (Arg1); receptors CD16 (FcgRIIIa) and CD32

(FcgRII) on the former and scavenger receptors CD163

(for haemoglobin-haptoglobin complex), CD204 (macro-

phage scavenger receptor 1) and CD206 (mannose recep-

tor) on the latter; purinergic receptors P2X7 versus

P2RY12; adenosine receptor (R) A2R, IL-1R1 and CSF-

1R versus IL-4R/IL-10R; CCR2/CCR7 versus CX3CR1;

and the CD80/CD86 co-stimulatory ligands on pro-inflam-

matory M/M in contrast to the checkpoint ligand PD-L1 on

regulatory cells. The transcription factor STAT1, and to a

lesser extent STAT3, tend to polarize M/M to the pro-in-

flammatory type, while STAT6, and to a smaller extent

STAT4, are associated with the regulatory phenotype. It

should be noted that the markers described herein may

change in relative abundance dependent on the disease con-

dition or tissue microenvironment, that they can also be

Table 1 Animal models of ICH

Mediators

of injury

Results Reference

Collagenase Opens the blood–brain barrier and causes intraparenchymal

bleeding; activates microglia and promotes cytokine production

Rosenberg et al., 1990; Rosenberg and Navratil,

1997; Wang and Tsirka, 2005
Thrombin Activates microglia and promotes cytokine production that causes

neuroinflammation and cell death

Xue and Del Bigio, 2001; Yang et al., 2015b

Autologous

whole blood

Blood toxicity and the resulting inflammation activates microglia

and promotes cytokine production

Bullock et al., 1984; Nath et al., 1986; Xue and Del

Bigio, 2000; Xue et al., 2003a, 2006

Measurements commonly used in all three models include: haematoma size, blood–brain barrier disruption, neurological deficit scale, wire-hanging test, inflammatory reactions and

cell death.
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expressed in the other subtype, and that multiple markers

should be used simultaneously to more accurately delineate

their polarized function. Moreover, the majority of studies

to subclassify M/M subtypes have used macrophages rather

than microglia, although the principles do appear to hold

for both cell types (Michell-Robinson et al., 2015).

Activation of
pro-inflammatory microglia/
macrophages in
intracerebral haemorrhage

Pro-inflammatory cytokines

Activated M/M increase their production of numerous pro-

inflammatory and potentially neurotoxic mediators which

may contribute to ICH neuronal injury. The production of

cytokine and chemokine mRNA coincident with or preced-

ing the infiltration of neutrophils and monocytes has sug-

gested a role for these molecules in the pathology of brain

injury (Arvin et al., 1996).

The role of individual cytokines in brain disease has been

studied by injecting the purified protein into brain or by

studying mutant mice. Direct injection of the pro-inflamma-

tory cytokines IL-1�, IL-1b and TNF-� into the CNS causes

local inflammatory responses and neuronal degradation.

TNF-� is released by activated M/M and other cell types

in the brain such as neurons and astrocytes. The elevated

expression of TNF-� in M/M has been shown in ICH in

rats (Mayne et al., 2001). In one study, there was no sig-

nificant elevation of cytokines IL-6, IL-1b and TNF-� 1 h

after autologous blood ICH in the brain, CSF or serum of

dogs (Qureshi et al., 2001); however, others found pro-

foundly increased levels of these cytokines 24 h after ICH

in animals (Chen et al., 2018) and in a clinical study of

Figure 2 Pro-inflammatory M/M predominate over their regulatory counterparts in ICH. Early after ICH, the representation of

pro-inflammatory M/M, generated by ligands acting on receptors including CX3CR1, EPR1/3, TLR2/4, PAR-1 NLR and RAGE, is elevated and in

excess of regulatory M/M. The pro-inflammatory M/M secrete inflammatory cytokines, chemokines, MMPs and other molecules capable of

inflicting injury and exacerbating neuroinflammation. A goal in ICH is to shift the M/M towards a regulatory phenotype that produces anti-

inflammatory cytokines; regulatory M/M may be generated through regulatory T cell activity or by stimulating receptors such as MCAR, S1PR,

CD36, TGFbR1 and CB2R. Intracellular mediators of both phenotypes are indicated within the respective cells.
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peri-haematomal brain tissue (Zhang et al., 2014). A TNF-

�-specific antisense oligodeoxynucleotide reduces cell death

and improves neurobehavioural deficits after ICH in ro-

dents (Mayne et al., 2001), linking expression of cytokine

to pathophysiology of ICH.

The pro-inflammatory IL-17A has also been reported to

be involved in ICH-induced microglial activation and neu-

roinflammation, and an IL-17A antibody has been sug-

gested to be a promising therapeutic strategy in ICH (Yu

et al., 2016). The transcription factor NF-kB is closely

related with secondary brain damage after ICH in patients

(Zhang et al., 2014). NF-kB is involved in the transcription

of many pro-inflammatory cytokines, including TNF-� and

IL-1b, after ICH (Wagner, 2007).

Interferon (INF)-g is mainly produced by T lymphocytes

but also by activated M/M. The immune effects of INF-g

include the enhancement of the activation of M/M, cyto-

toxic T lymphocytes and NK cells, and the upregulation of

class I and II MHC antigen expression on a variety of

immune cells (Benveniste, 1998). INF-g also enhances

apoptosis through perforin/granzyme or Fas ligand mech-

anism, and INF-g knockout mice have significantly reduced

neuroinflammation and neuronal cell death compared

to wild-type mice following ICH (Xue and Del Bigio,

2005).

Proinflammatory chemokines

Chemokines are a family of regulatory polypeptides with

roles in cellular communication and inflammatory cell re-

cruitment in host defence. Chemokines are divided into

four main subfamilies: C, CC, CXC, and CX3C.

Activated M/M are sources of some chemokines and ex-

press the monocyte chemoattractant protein-1 (MCP-1,

CCL2) chemokines in particular. Inflammatory cytokines

including IL-1b and TNF-�, and lipopolysaccharide (LPS),

may stimulate microglia to produce CCL2, macrophage in-

flammatory protein-1� (MIP-1�, CCL3), and MIP-1b

(CCL4). Inhibition or deficiency of CCL2 and CCL3 is

associated with reduced brain ischaemic injury (Garau

et al., 2005). In humans after ICH, high level of serum

CCL2 at 24 h is correlated with poor functional outcomes

at 7 days (Hammond et al., 2014).

The CX3CR1 chemokine receptor is expressed on

microglia and modulates microglial activation (Wolf

et al., 2013). Mice with myeloid-specific CX3CR1 defi-

ciency show no defect in functional recovery compared

to wild-type after blood-induced ICH (Taylor et al.,

2014).

In addition to chemotactic properties, chemokines are

found to directly affect blood–brain barrier permeability.

CCL2 may play a role in ‘opening’ the blood–brain barrier

by altering tight junction proteins (Stamatovic et al., 2005).

Overall, manipulating chemokine expression by M/M and

chemotactic signals may constitute an approach to the

treatment of ICH injury.

Thrombin

Thrombin is a serine protease that is generated by the

cleavage of prothrombin. Thrombin converts fibrinogen

into fibrin, which is involved in formation of a blood

clot. Thrombin is produced immediately in the brain after

ICH (Gingrich and Traynelis, 2000). Some of the detrimen-

tal effects of blood following ICH have been attributed to

activity of thrombin (Xue and Del Bigio, 2001). In this

regard, thrombin induces local M/M activation and in

nearby brain tissues (Yang et al., 2015b), and it promotes

Figure 3 Cell surface markers and transcription factors of pro-inflammatory and regulatory M/M.

1302 | BRAIN 2020: 143; 1297–1314 Q. Bai et al.
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neuronal death (Xue and Del Bigio, 2001; Xue et al.,

2003b, 2006). Microglia proliferate in response to throm-

bin acting through protease-activated receptor-1 (PAR-1)

(Noorbakhsh et al., 2003) or PAR-4 (Suo et al., 2003).

PAR-1 is upregulated after ICH in neurons and microglia.

PAR-1 knockout mice have less pro-inflammatory polariza-

tion and reduced proinflammatory cytokine levels in the

brain compared with wild-type mice (Wan et al., 2016).

Thrombin potentiates NMDA receptor function (Gingrich

et al., 2000) and activates rodent microglia in vitro (Moller

et al., 2000) through MAPK signalling (Ohnishi et al.,

2013). Thrombin inhibitors reduce thrombin-induced M/

M activation in ICH, culminating in less brain damage

and neuronal death. However, thrombin is essential for

the formation of a blood clot and thus its activity is vital

to prevent the further enlargement of a haematoma (Yang

et al., 2015b). By reducing haematoma growth, thrombin

would inhibit oedema formation, inflammation and brain

cell death. Thrombin at very low concentration is neuro-

protective and it enhances the survival of hippocampal neu-

rons and astrocytes after exposure to cellular insults

(Striggow et al., 2000). Overall, the role of thrombin in

ICH is complex, thereby making it a difficult therapeutic

target in ICH.

Matrix metalloproteinases

MMPs are a family of zinc-dependent endopeptidase en-

zymes that can degrade all components of the extracellular

matrix (Yong et al., 2001). MMPs have many substrates in

addition to extracellular matrix molecules (McCawley and

Matrisian, 2001) and they are implicated in diverse func-

tions including the regulation of survival, signalling, angio-

genesis, inflammation, and cell motility (Egeblad and Werb,

2002). MMPs are produced by activated microglia, infil-

trating inflammatory cells, neurons and astroglia following

brain injury. This widespread distribution suggests that

MMPs have diverse functions in ICH. In this regard,

MMPs can directly damage neural cells, cause cell injury

by processing death molecules (e.g. FasL), promote demye-

lination, perpetuate inflammation, and produce an increase

in capillary permeability and brain oedema that is second-

ary to ICH (Yong et al., 2001; Rosenberg, 2002; Xue and

Yong, 2008). Intracerebral injection of collagenase (a sub-

group of MMPs) leads to ICH with blood–brain barrier

disruption, oedema and tissue necrosis (Rosenberg et al.,

1998), and it increases the levels of multiple MMPs

(Power et al., 2003). As noted above, the intracerebral in-

jection of collagenase constitutes a model of ICH (Table 1).

Bleeding increases Mmp2, -3, -7, -9 and -12 mRNA levels

in a rat model of collagenase-induced ICH (Power et al.,

2003). MMP3, -9 and -12 are induced during the inflam-

matory response secondary to the immediate early genes c-

fos and c-jun, and the cytokines TNF-� and IL-1b

(Rosenberg, 2002). Normally, MMP9 protein is not easily

detectable in the brain; however, following brain injury,

MMP9 is prominently elevated and produced by activated

M/M, infiltrating inflammatory cells, and astrocytes

(Romanic et al., 1998). MMP3 has been detected in micro-

glia and in neurons during ischaemia (Rosenberg et al.,

2001), and it can activate microglia and cause neuronal

apoptosis (Kim et al., 2005). MMP12 is expressed by acti-

vated M/M in ICH (Power et al., 2003). That these prote-

ases are, on balance, detrimental is demonstrated in the

autologous blood-induced model of ICH where the extent

of brain damage is reduced in MMP3, -9 or -12 single null

mice compared to wild-type controls (Wells et al., 2005;

Xue et al., 2009).

MMPs are usually present in pro-forms and are activated

by autocatalysis or cleavage by membrane-type MMPs,

thrombin or plasmin (Yong et al., 2001; Rosenberg,

2002; Xue et al., 2006). ROS also activate MMPs

(Rajagopalan et al., 1996) through acting on the pro-

forms, or by inducing the elevation of their mRNA through

signalling via NF-kB (Yong et al., 2001). In the rat model

of collagenase-induced ICH, there is increased activation of

MMP2 and MMP9 at 16–24 h after the onset of haemor-

rhage (Rosenberg and Navratil, 1997). The activated

MMP9 has been shown to induce neuronal cell death via

apoptosis (Gu et al., 2002).

While MMPs appear neurotoxic in the initial periods of

ICH and inhibition of MMPs early after stroke reduces

brain damage, there are concerns that prolonged inhibition

of MMPs during recovery from stroke could do more harm

than good, as MMPs are involved in some of the remodel-

ling and reparative processes after injury (Zhao et al.,

2006). Overall, the biology of MMPs is complex and the

long-term inhibition of MMPs may be inappropriate be-

cause of the potential to inhibit the beneficial roles of

MMPs in regulating neurogenesis, myelin reformation,

and axonal regrowth (Yong, 2005; Zhao et al., 2006).

Collaboration of proteases

Our group studied the role and collaboration of proteases

in mediating neuronal death in culture and in ICH injury.

We found that human neurons die when exposed to throm-

bin or MMP9 in isolation but that their combination in-

creases neurotoxicity further in cell culture, in part by

thrombin converting proMMP9 to active MMP9 (Xue

et al., 2006). Moreover, the concordant antagonism of

thrombin using hirudin alleviates further the reduced

injury found in MMP9 null mice, emphasizing the collab-

orative role of MMP9 and thrombin in promoting ICH

injury (Xue et al., 2006). Furthermore, we noted that

brain damage and neuronal death induced by blood is

reduced further in MMP3/9 double null mice treated with

hirudin (Xue et al., 2009). Treatments targeting proteases

in ICH will require activity on multiple enzymes that col-

laborate to mediate injury.
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Other pro-inflammatory
mechanisms in intracerebral
haemorrhage

Inducible nitric oxide synthase

Inducible nitric oxide synthase (iNOS) is upregulated as

early as 3 h after ICH (Yang et al., 2013), leading to

increased levels of its product, nitric oxide, that can cause

free radical-mediated injury to neurons. Lan et al. (2017a)

found that iNOS and other pro-inflammatory markers such

as CD16 and CD32 are highly expressed on microglia at

Days 1 and 3 after ICH.

High mobility group box protein 1

HMGB1 is normally a cytosolic protein that translocates

into the nucleus during cellular activation to affect gene

transcription. Upon injury, it can be released by cells

where it acts as a DAMP that binds TLRs and the receptor

for advanced glycation endproducts (RAGE) on M/M.

RAGE is an early pro-inflammatory signal within the neu-

rovascular unit during the acute phase of collagenase-

induced ICH in rats (Ohnishi et al., 2011; Wang et al.,

2017a). One study shows that HMGB1 is increased in

thrombin-induced injury in rat cortico-striatal slice cultures

and in vivo rat ICH model (Ohnishi et al., 2011). A

HMGB1 inhibitor reduces the number of activated M/M

and an anti-HMGB1 monoclonal antibody ameliorates

brain injury in collagenase-induced ICH in rats (Wang

et al., 2017a).

Complements

Much evidence demonstrate that the complement cascade is

activated after experimental ICH (Yang et al., 2006;

Garrett et al., 2009; Yuan et al., 2017). Compared to com-

plement C3-sufficient mice after ICH, C3-deficient mice

have less brain oedema, and reduced microglia activation

and neutrophil infiltration around the clot (Yang et al.,

2006). Administration of C5a receptor antagonist

(C5aRA) alone, or the combination of C3aRA/C5aRA,

provides neuroprotection and leads to synergistic improve-

ments in neurofunctional outcome in haemorrhagic stroke

(Garrett et al., 2009). C5aR–/– mice exhibit attenuated in-

flammatory reactions after ICH via fibrinogen-like protein

2, and ERK1/2 and p38 pathways (Yuan et al., 2017).

Furthermore, the C5a receptor antagonist PMX53 provides

neuroprotection in ICH associated with reduction of pro-

inflammatory factors TNF, IL-6 and iNOS, leading to im-

provement in functional outcomes (Li et al., 2014).

Prostanoids

Prostaglandin E2 (PGE2) acts via the G-protein-coupled E

prostanoid (EP) receptors EP1–EP4 to activate its

downstream signalling pathways. EP1 receptor is expressed

on microglia, and EP1 deletion dampens microglial activity

and phagocytosis (Singh et al., 2013). Furthermore, treat-

ment with the EP1 receptor antagonist SC51089 decreases

microglial activation and attenuates grey and white matter

injury in mouse models of ICH (Zhao et al., 2015c).

Similarly, EP3 receptor is expressed on microglia (Han

et al., 2016), and treatment with an EP3 antagonist reduces

lesion volume, neurological deficit, cell death, MMP9 ac-

tivity, neutrophil infiltration and CD68 + M/M, while

increasing the Ym1 + regulatory M/M in a thrombin-

induced ICH model (Han et al., 2016).

Heme oxygenase

Heme oxygenase (HO-1, HMOX1) is expressed by M/M

and is thought to exacerbate early brain injury after ICH.

Lesion volume is significantly smaller in Hmox1–/– mice

than in wild-type controls 24 and 72 h after ICH (Wang

and Dore, 2007). Recently, several studies showed that

long-term induction of HO-1 increases haematoma absorp-

tion, angiogenesis, and recovery of neurological function in

the later stages of ICH (Zhang et al., 2017; Li et al., 2018).

Inflammasome activation

ICH activates the Nod-like receptor (NLR) family pyrin

domain-containing 3 (NLRP3) inflammasome and inflam-

mation, and NLRP3 RNAi treatment attenuates inflamma-

tion and brain injury after ICH (Yuan et al., 2015; Yao

et al., 2017). Thrombin activates ROS/TXNIP/NLRP3 sig-

nalling in BV2 microglia-like cells, and the NLRP3 antag-

onist MCC950 significantly attenuates cellular apoptosis

and expression of apoptotic proteins (Ye et al., 2017).

Increased expression of NLRP6 inflammasome is found in

peri-haematomal brain tissues ranging from 6 h to 3 days,

with a peak level at 1 day after ICH. However, Nlrp6–/–

ICH mice exhibit significantly higher brain damage than

wild-type mice, suggesting that the upregulated NLRP6

inflammasome in peri-haematomal brain tissues attenuates

ICH-induced brain injury (Wang et al., 2017b).

T cell immunoglobulin and mucin
domain-3

T cell immunoglobulin and mucin domain-3 (Tim-3,

encoded by Havcr2) was originally described as a T

lymphocyte (T helper-1) membrane protein but it is ex-

pressed by M/M where it regulates their innate immune

functions. Expression of Tim-3 increases early and peaks

at Day 1 in mouse peri-haematomal brain tissue after au-

tologous blood injection, predominantly on M/M, and is

positively correlated with the elevated concentrations of

TNF-�, IL-1b and brain water content (Xu et al., 2013).

Havcr2–/– mice had reduced ICH-induced brain inflamma-

tion with decreased TNF-� and IL-1b, cerebral oedema and
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neurological deficit scores (Xu et al., 2013). The ligand for

Tim-3 on M/M following ICH is unknown.

Inhibition of soluble epoxide hydrolase (sEH) reduces

thrombin-and hemin-induced microglial activation as well

as p38 MAPK and NF-kB activation in primary microglial

cultures (Wu et al., 2017). C1q/TNF-related protein 9

(CTRP9) is an agonist of adiponectin receptor 1

(AdipoR1); recombinant CTRP9 (rCTRP9) administered

intranasally at 1 h after ICH attenuates neuroinflammation

through interfering with the AdipoR1/AMPK/NF-kB path-

way, thereby reducing brain oedema and improving neuro-

logical function in bacterial collagenase-induced ICH in

mice (Zhao et al., 2018). It is likely that other as yet un-

reported pro-inflammatory mechanisms occur after ICH to

affect its outcome.

Activation of regulatory
microglia/macrophages after
intracerebral haemorrhage

Anti-inflammatory cytokines

Markers of regulatory M/M in ICH have received less at-

tention than pro-inflammatory factors. Nevertheless, regu-

latory M/M have important functions in phagocytosis and

clearance of toxic materials in ischaemic stroke (Lively

et al., 2016). Increasing evidence indicates that activated

M/M in the later phase of ICH phagocytose/resorb haema-

toma and resolve oedema, contributing to improved white

matter integrity, repair and functional recovery (Wan et al.,

2016; Li et al., 2017). The intracerebral injection of IL-4 to

enhance regulatory M/M leads to improved behavioural

recovery from deficits after ICH (Yang et al., 2016).

Furthermore, IL-4 treatment increases striatal expression

of several anti-inflammatory markers (Arg1, CCL22,

CD163) and phagocytic M/M, and elevates VEGF-A-posi-

tive infiltrating neutrophils in the infarcts at Day 1 after

ICH; the expression level of receptors or pathways asso-

ciated with regulatory M/M such as CD206, IL-4R�,

STAT6, and peroxisome proliferator-activated receptor g

(PPARg) remains high at Day 7 (Lively et al., 2016).

IL-10 is secreted by macrophages and microglia as a

regulatory cytokine, similar to IL-4 (Ouyang et al., 2011).

Treatment with IL-10 promotes M/M polarization to a

regulatory phenotype in vitro (Avdic et al., 2013).

Interestingly, IL-10 levels in brain tissue and peripheral

blood are increased in patients during the early acute

phase of ICH (Shi et al., 2015), as are ‘M2’ monocyte

anti-inflammatory microparticles (Walsh et al., 2017) and

this may be related to the functions of TGFb and regula-

tory T cells (Tregs). The peripheral frequency of Tregs in

ICH patients is significantly increased, accompanied by

boosted TGFb and IL-10 levels (Shi et al., 2015). Tregs

ameliorate ICH-induced inflammatory injury by

modulating M/M polarization to the regulatory phenotype

through the IL-10/GSK3 beta/PTEN axis (Zhou et al.,

2017). Another study suggests that Tregs alleviate bleeding

from thrombolytic therapy in stroke patients (Mao et al.,

2017). Microglia can produce and respond to TGFb1, as

TGFbR1 receptor is expressed on them. TGFb1 is upregu-

lated in the rat striatum after collagenase-induced ICH

(Lively and Schlichter, 2012). Another study shows that 7

days after ICH, there is substantial TGFbR1 staining in M/

M in the haematoma; as well, TGFb1 treatment reduces

pro-inflammatory mediators (e.g. Casp1, Ccl3, Ccr5, Il1b,

Ifngr1, Tnfa, Tnfrsf1b) to a greater extent than IL-10

(Lively et al., 2018). TGFb1 treatment following ICH de-

creases microglial IL-6 gene expression in vivo and im-

proves functional outcomes in the murine model (Taylor

et al., 2017). Taken together, the data show that TGFb1

modulates microglia-mediated neuroinflammation after

ICH and promotes functional recovery, suggesting that ele-

vation of TGFb1 may be a therapeutic target for ICH.

Sphingosine-1-phosphate receptors

Sphingosine-1-phosphate (S1P) is a bioactive lipid mediator

acting via S1P receptors (SIPR) 1–S1PR5. Microglia express

all five S1PRs in vitro (Noda et al., 2013). In tissue culture,

the production of pro-inflammatory cytokines by activated

microglia is reduced by the S1PR agonist fingolimod, while

the neurotrophic factors usually associated with regulatory

cells, brain-derived neurotrophic factor (BDNF) and glial-

derived neurotrophic factor (GDNF), are elevated (Noda

et al., 2013). Another study using the BV-2 microglia cell

line found that fingolimod suppresses the production by

activated BV-2 cells of IL-1b, IL-6 and TNF-�, and also

inhibits NLRP3 inflammasome (Yao et al., 2019). In is-

chaemic white matter injury, fingolimod treatment engages

STAT3 signalling and results in microglia assuming a regu-

latory phenotype (Qin et al., 2017). Thus, S1PR engage-

ment in microglia appears to reduce pro-inflammatory

properties while elevating regulatory features. Targeting

S1PR in microglia would appear to be a useful therapeutic

strategy in ICH, as is discussed further below.

Peroxisome proliferator-activated
receptor g

It has been demonstrated that PPARg agonist-induced upre-

gulation of CD36 in macrophages enhances the ability of

microglia to phagocytose red blood cells in an in vitro

assay, helps to improve haematoma resolution in vivo,

and reduces injury-induced deficit in a mouse model of

ICH (Zhao et al., 2009). Another study shows that

PPARg activators reduce proinflammatory gene (IL-1b,

TNF, MMP9, and iNOS) expression, extracellular H2O2

level, and neuronal damage. Pparg (PPARg) gene knock-

down significantly inhibits microglia phagocytosis (Zhao

et al., 2007).
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Other regulatory mechanisms

Daily intraperitoneal injection of dopamine D2 receptor

(DRD2) agonists 1 h after ICH ameliorates neurological

outcome, reduces brain oedema, and lowers levels of IL-

1b, CCL2 and M/M activity around the peri-haematomal

region; this therapeutic benefit appears to be mediated by

alpha B-crystallin (CRYAB) and enhanced cytoplasmic

binding activity to NF-kB (Zhang et al., 2015). DRD1 ac-

tivation improves neurological outcome in part through in-

hibition of NLRP3-mediated inflammation in ICH mice

(Wang et al., 2018a).

The transcription factor, nuclear factor-erythroid 2 p45-

related factor 2 (Nrf2), a master-regulator of anti-oxidative

defence in microglia plays an important role in augmenting

their antioxidative capacity, phagocytosis, and haematoma

clearance after ICH (Zhao et al., 2015a). Moreover, the

scavenger receptor CD36 associated with regulatory out-

comes is upregulated in microglia treated with an Nrf2

activator (Zhao et al., 2015b).

The cannabinoid receptor-2 (CB2R) is expressed in the

brain in both glial and neuronal cells. A CB2R agonist

elevates the expression of microglial regulatory markers

through pPKA/cAMP-response element binding protein

(CREB) signalling pathway, ameliorates brain oedema,

brain damage, and neuron death and improves neurobeha-

vioural outcomes in the early periods after ICH (Li et al.,

2017).

Melanocortin receptor 4 (MC4R) is expressed by micro-

glia, neurons and astrocytes. Activation of MC4R sup-

presses M/M activation through AMPK/JNK/p38MAPK

pathway, and diminishes neutrophil infiltration after ICH

(Chen et al., 2018). In general, as with pro-inflammatory

mechanisms noted earlier, it is likely that more regulatory

mechanisms of M/M after ICH remain to be discovered.

Treatments that target
pro-inflammatory microglia/
macrophages

Minocycline

Minocycline is a second generation CNS-penetrant tetracyc-

line with several non-antimicrobial properties that could be

useful to combat ICH pathophysiology, including inhibi-

tory activity on pro-inflammatory M/M and MMPs, anti-

oxidant capacity, and reduction of apoptotic signalling in

neurons (Sanchez Mejia et al., 2001; Wells et al., 2003;

Yong et al., 2004). In culture and in mice, minocycline is

observed to inhibit pro-inflammatory but not regulatory

features of microglia (Kobayashi et al., 2013); furthermore,

it suppresses NLRP3 inflammasome activation in microglia

(Lu et al., 2016). In rats with ICH, minocycline adminis-

tered intraperitoneally from 1 h after the injury lowers

lesional MMP12 levels, microglial activation and cellular

apoptosis, and this is accompanied by improvement in be-

havioural recovery compared to vehicle controls 7–28 days

after the insult (Power et al., 2003). However, when the

initiation of minocycline treatment is delayed to 3 h after

ICH, another group found that minocycline fails to reduce

neuron loss or confers functional recovery assessed with a

battery of sensory motor tests (Szymanska et al., 2006).

Nonetheless, in a study where minocycline is initiated 6 h

after ICH, several benefits including reduction of brain

damage and amelioration of neutrophil infiltration are

observed (Wasserman and Schlichter, 2007). A study of

ICH in mice where several treatment paradigms are

varied found that early versus delayed administration,

local intracerebral versus intraperitoneal delivery, and

high versus low concentrations of minocycline favour re-

covery from ICH (Xue et al., 2010). Recently, a systematic

review and meta-analysis of rodent and human studies con-

cluded that minocycline appears to be an effective therapy

for stroke (Sheng et al., 2018).

There is progress in translating minocycline into clinical

trials in ICH. A single centre trial of 16 subjects randomized

eight patients to receive 400 mg of intravenous minocycline

within 24 h of injury, followed by 400 mg of oral minocyc-

line for 4 days (Fouda et al., 2017). The authors found no

differences in inflammatory indices, haematoma volume or

peri-haematomal oedema in minocycline subjects compared

to the control arm. They concluded that intravenous mino-

cycline was safe, that the oral doses led to delayed absorp-

tion when high concentrations of drug was desired, and that

intravenous minocycline was an excellent candidate for a

pre-hospital treatment trial in ICH. An earlier study of 47

ischaemic or haemorrhagic patients administered 100 mg

minocycline intravenously within 24 h of stroke, and con-

tinued every 12 h for a total of five doses, did not find an

efficacy signal (Kohler et al., 2013); however, the dose may

be too low to overcome ICH. In our own experience, in

patients with traumatic spinal cord injury, intravenous mino-

cycline initiated as an 800 mg loading dose within 12 h of

trauma, and tapering down by 100 mg every 12 h until 400

mg was reached (by Day 3 of treatment), and then continued

every 12 h for the next 4 days, was well tolerated (Casha

et al., 2012).

Overall, minocycline is a promising candidate in ICH.

Besides inhibiting the pro-inflammatory features of activated

microglia, its broad spectrum features including MMP inhib-

ition, antioxidant activity, reduction of leucocyte migration

and alleviation of cell death mechanisms (Sanchez Mejia

et al., 2001; Wells et al., 2003; Yong et al., 2004) counters

several pathophysiological features of ICH (Fig. 1). High

concentrations administered intravenously and rapidly,

including in ambulance en route to hospitals, appear neces-

sary for reducing the long-term sequalae of ICH.

Miscellaneous therapies

Several candidates to reduce the pro-inflammatory activity

of M/M have already been introduced above, including
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complement 5a receptor antagonist (C5aRA), recombinant

C1q/TNF-related protein 9 (rCTRP9), and the leukotriene

B4 (LTB4) receptor antagonist. Other pro-inflammatory

pathways of M/M noted earlier have been focused by po-

tential therapeutics but as the literature has not been

substantial, they are grouped herein. The NLRP3 inflam-

masome has been targeted by fimasartan in rats with col-

lagenase-induced ICH, with resultant reduced oedema and

improved neurological functions after the injury; activity on

microglia is supported by decreased expression of NLRP3

within microglia in tissue sections of treated ICH animals,

and from tissue culture studies where haemolysate-activa-

tion of microglia is mitigated by fimasartan (Yang et al.,

2018). A proteasome inhibitor, bortezomib, induces signifi-

cant reduction of ICH-induced mRNA expression of TNF-

�, IL-6, iNOS and COX2, presumably from microglia (Sinn

et al., 2007).

Finally, interference with TLRs impacts microglia activity

and ICH outcomes but the results are varied. Resatorvid, a

TLR4 antagonist, reduced ICH-induced neurogenesis and

angiogenesis in rats (Lei et al., 2016). Conversely, pinocem-

brin, an antioxidant flavonoid, inhibits the TLR4 signalling

pathway, reduces pro-inflammatory microglial polarization,

and protects the haemorrhagic brain (Lan et al., 2017b).

In summary, while several medications have been pro-

posed to inhibit the pro-inflammatory features of M/M

(Fig. 4), there is scant literature on the majority of these

drugs in ICH. The exception is minocycline, which counters

several pathophysiological features of ICH, and where pre-

clinical and early clinical trial results would suggest that

there is room to improve the efficacy of this intervention

in ICH, particularly when administered in high amounts

through the intravenous route, and as early as possible

after the haemorrhagic event.

Treatments that enhance
regulatory features while
reducing pro-inflammatory
properties of microglia/
macrophages

S1PR agonists

We discussed earlier that S1PR engagement in M/M re-

duces their pro-inflammatory properties while elevating

regulatory features. The S1P agonist fingolimod thus ap-

pears to have promise in ICH, given its known safety pro-

file as it has been used chronically in multiple sclerosis.

Preclinical studies support fingolimod’s activity. In mice

with collagenase-induced ICH, fingolimod reduces levels

of ICAM1, IL-17 and INF-g, and improves functional out-

comes (Rolland et al., 2013). Another study shows that

fingolimod lowers cognitive deficits in mice at 28 days of

ICH (Yang et al., 2019).

Given that fingolimod affects all five SIPRs, efforts have

been made to use more selective agents. RP101075, a se-

lective SIPR1 agonist unlike fingolimod that affects several

S1PRs, alleviates neuronal death, oedema and neurological

deficits after autologous blood-induced ICH in mice (Sun

et al., 2016).

Modulation of SIPR in ICH has been translated into clin-

ical trials. Fingolimod was administered orally within 72 h

of injury for three consecutive days in patients where it was

found to be safe and to lower MRI-detected haematomal

and peri-haematomal oedema volumes by Day 7 of ICH

compared to standard management; the medication also

resulted in more patients achieving full recovery of neuro-

logical functions at 3 months (Fu et al., 2014).

Statins

The statins have a substantial literature as immune modu-

lating agents, including in ICH. In rats with collagenase-

induced ICH, atorvastatin inhibits the expression of

pro-inflammatory markers (iNOS, TNF-�) while enhancing

IL-10, TGFb1 and sensorimotor recovery (Jung et al.,

2004; Ewen et al., 2013; Wu et al., 2017). Simvastatin

increases PPARg activation, promotes haematoma absorp-

tion and improves neurological outcomes after rat ICH;

this is accompanied by the upregulation of expression of

the phagocytic receptor CD36 and polarization of peri-hae-

matomal M/M into the regulatory subtype (Wang et al.,

2018b).

A pilot clinical trial with rosuvastatin in ICH was under-

taken by a Mexican group where 18 patients were drug-

treated and the results compared to 57 non-treated controls

in their clinical records (Tapia-Perez et al., 2009). The au-

thors reported a lower mortality rate during hospitalization

in the statin versus non-treated group. A follow-up trial

documented in clinicaltrials.gov has not reported results.

Of interest, prior statin use may reduce the risk of develop-

ing ICH as detected in a population-based Danish registry

study (Ribe et al., 2019).

Miscellaneous therapies

Agonists at PPARg receptors have been preclinically tested

in ICH. Rosiglitazone, an-anti-diabetic medication, elevates

CD206 expression on M/M, increases IL-10 levels in serum

and peri-haematomal tissue, reduces haematoma volume

and enhances neurological recovery after ICH in mice

(Chang et al., 2017). In rabbits, the elevation of MMP9

and disruption of blood–brain barrier integrity is decreased

by rosiglitazone after ICH (Wu et al., 2015).

Inhibition of the mTOR pathway represents another ap-

proach to affect M/M in ICH. Rapamycin attenuates the
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upregulation of IL-1b, IL-6, TNF-�, Caspase-3 and INF-g,

while increasing regulatory markers such as Tregs, IL-10

and TGFb in both peripheral blood and brain in ICH;

these changes are correlated with improved recovery of

neurobehavioural deficits after ICH (Lu et al., 2014;

Wang and Zhang, 2017).

Finally, an alkaloid from the medicinal herb

Sinomeniumacutum, sinomenine, inhibits microglial release

of TNF-�, IL-1b, IL-6 and ROS, and this is associated with

reduction of NF-kB activation and attenuation of ICH-

induced injury (Yang et al., 2014). More recently, it was

noted that sinomenine enhances the polarization of micro-

glia into a regulatory phenotype, correspondent with pro-

tection of brain following an ICH insult; the authors

propose sinomenine as a novel therapeutic for brain haem-

orrhage (Shi et al., 2016).

In summary, while several approaches still lack the ex-

perimental support necessary for translation into humans,

the statins and S1PR agonists show promise to treat ICH in

patients, in part through modulating the activity of M/M

by elevating their regulatory properties and reducing the

pro-inflammatory functions.

Conclusion and future
directions
ICH has a very poor prognosis with mortality rate of

almost 50%, of which 75% of survivors are incapable of

living independently after 1 year (Klebe et al., 2015). This

has become a great burden for society. When ICH occurs,

an early inflammatory cell that responds to the injury is the

microglia. The subsequent infiltration of blood-borne cells,

including of monocytes that become macrophages in le-

sions, further propagates the neuroinflammatory cascades.

Previous studies have shown that brain damage and neur-

onal death in ICH are always accompanied by the activa-

tion of M/M and these have multiple roles. For the early

intervals after ICH, the over-represented M/M with exces-

sive pro-inflammatory cytokines and neurotoxins appear to

be on balance, detrimental. These are opposed by regula-

tory M/M that progressively become more numerous, and a

treatment opportunity is to steer the lesion microenviron-

ment to one that has greater representation of regulatory

versus pro-inflammatory M/M (Fig. 4). These treatments

Figure 4 Medications to shift the balance of M/M to a regulatory phenotype. Illustrated are medications that either inhibit the

generation or properties of pro-inflammatory cells, or promote the evolution of regulatory M/M. Medications with strong evidence and have been

used in clinical trials of ICH are in bold and displayed in a larger font size.
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may have to be considered in a time-dependent sequence,

with prompt administration of medications to suppress pro-

inflammatory M/M, while those that elevate regulatory

properties may be more suitable at later periods after the

insult. Alternately, the medications that polarize M/M from

pro-inflammatory into a regulatory state may be applicable

immediately after ICH, in order to redress the imbalance of

M/M neuroinflammation right after haemorrhage onset.

The possibility also exists of applying medications in com-

bination to suppress pro-inflammatory while elevating regu-

latory features of M/M from the beginning of the injury.

While much remains to be done to define how best to foster

recovery from ICH, it is clear that to have optimal im-

provement, the attendant over-representation of M/M in

brain haemorrhage must be addressed.

There remain many challenges, opportunities and future

directions in modulating M/M to improve the prognosis of

ICH. First, while M/M of pro-inflammatory and regulatory

phenotypes can be documented, many features of one often

can be found in the other, complicating the distinction be-

tween the subsets. Second, many of the medications

described herein are tested in a reductionist approach,

using cells in culture or for short periods in an animal

model, with focus on a limited number of targets; a

much more comprehensive investigation in preclinical stu-

dies would be needed, and translation to human clinical

trials would be necessary to evaluate the utility of particu-

lar drugs in clinical subjects after an ICH injury. In these

studies, highly advanced flow cytometry and other multi-

plex assays should be applied to capture the response of

Table 2 Pro-inflammatory and regulatory microglia/macrophage phenotypes observed in intracerebral

haemorrhage

Reference

Pro-inflammatory phenotypes

Proinflammatory cytokines and chemokines

IL-1b, IL-6, IL-12, IL-17A, TNF-� Mayne et al., 2001; Qureshi et al., 2001; Zhang et al., 2014; Yu et al., 2016; Chen et al.,

2018
CCL2, CCL5, CCL20 Garau et al., 2005; Stamatovic et al., 2005; Hammond et al., 2014

CXCL1, CXCL10, CX3CR1 Wolf et al., 2013; Taylor et al., 2014

Thrombin

Gingrich et al., 2000; Gingrich and Traynelis, 2000; Moller et al., 2000; Striggow et al.,

2000; Xue and Del Bigio, 2001; Noorbakhsh et al., 2003; Suo et al., 2003; Xue et al.,

2003b, 2006; Ohnishi et al., 2013; Yang et al., 2015b; Wan et al., 2016
Matrix metalloproteinases

MMP-3, MMP-9, MMP-12 Rajagopalan et al., 1996; Rosenberg and Navratil, 1997; Romanic et al., 1998;

Rosenberg et al., 2001; Yong et al., 2001; McCawley and Matrisian, 2001; Egeblad

and Werb, 2002; Gu et al., 2002; Rosenberg, 2002; Power et al., 2003; Yong, 2005;

Kim et al., 2005; Wells et al., 2005; Xue et al., 2006, 2009; Xue and Yong, 2006,

2008; Zhao et al., 2006
Toll-like receptors

TLR2, TLR4 Lin et al., 2012; Rodriguez-Yanez et al., 2012; Liu et al., 2016

Others

NF-kB, iNOS, IFNg, HMGB1 Benveniste, 1998; Wagner, 2007; Ohnishi et al., 2011; Yang et al., 2013; Zhang et al.,

2014; Lan et al., 2017a; Wang et al., 2017a
Complement C3a, C5a Yang et al., 2006; Garrett et al., 2009; Li et al., 2014; Yuan et al., 2017

G-protein-coupled E prostanoidreceptors (EPR)1, EPR3 Singh et al., 2013; Zhao et al., 2015c; Han et al., 2016

T cell immunoglobulin and mucin domain-3 (Tim-3) Xu et al., 2013

Heme oxygenase 1 (HO-1) Wang and Dore, 2007; Zhang et al., 2017; Li et al., 2018

Nod-like receptor pyrin domain-containing(NLRP) 3/6 Yuan et al., 2015; Wang et al., 2017b; Yao et al., 2017; Ye et al., 2017

Soluble epoxide hydrolase (sEH) Wu et al., 2017a

Adiponectin receptor 1 (AdipoR1) Zhao et al., 2018

Regulatory phenotypes

Anti-inflammatory cytokines

IL-1Ra, IL-4, IL-4Ra, IL-10 Ouyang et al., 2011; Avdic et al., 2013; Shi et al., 2015; Lively et al., 2016; Yang et al.,

2016
TGFb1 Lively and Schlichter, 2012; Shi et al., 2015; Taylor et al., 2017

Others

Dopamine D1 receptor (DRD1), DRD2 Zhang et al., 2015; Wang et al., 2018a, b

Nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) Zhao et al., 2015a, b

Cannabinoid receptor-2 (CB2R) Li et al., 2017

Melanocortin receptor 4 (MC4R) Chen et al., 2018

Peroxisome proliferator-activated receptor g (PPARg) Zhao et al., 2007, 2009

Sphingosine-1-phosphate (S1P) Noda et al., 2013; Rolland et al., 2013; Fu et al., 2014; Yang et al., 2019

Regulatory T lymphocytes (Tregs) Mao et al., 2017; Zhou et al., 2017
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circulating monocytes to drug treatment; if possible, PET

scans that seek to evaluate brain M/M activity and their

phenotype could be included.

Another challenge in ICH is that many medications of

interest to ICH lack a compelling corroborative dataset

from other groups and much more research would need

to be conducted to establish a drug’s utility in the condi-

tion. The exception, as noted above, are minocycline, sta-

tins and S1PR agonists, and it is notable that there are

clinical efforts with these drugs. It would also be reasonable

to consider using these drugs in combination after ICH,

although that would substantially elevate the complexity

of the clinical trial design. Moreover, preclinical studies at

least with minocycline have suggested that the best thera-

peutic response is through fast intervention, at high doses,

and targeting the lesion as locally as possible with medica-

tion (Xue et al., 2010).

In summary, numerous mechanisms lead to the generation

of pro-inflammatory M/M following ICH (Fig. 2). Whether

several of these act in concert or in a cascade, and whether

there is a precise temporal sequence by which each is ex-

pressed, remains to be addressed. Moreover, whether par-

ticular mechanisms are more dominant than others in

activating pro-inflammatory M/M is worthy of investigation,

as a predominant hierarchical target could lead to a more

effective therapy. Finally, while medications listed in Fig. 4

affect M/M, it should be noted that their therapeutic effect

when used in whole animals or humans could be due to

additional targets, such as the reduction of leucocyte migra-

tion into lesions. In this light, it is reasonable to use medi-

cations in ICH that have a broad spectrum of activity,

including on M/M, so as to overcome the many patho-

physiological mechanisms of ICH. The therapy of ICH will

remain complicated for some time to come, but the patho-

physiological processes are increasingly being targeted, and

medications with effects on redressing the phenotype of

M/M represent one step in the right direction to improve

prognosis from devastating ICH.
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