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Abstract

Intracerebral hemorrhage (ICH) is a major health concern, with high rates of mortality and 

morbidity and no highly effective clinical interventions. Basic research in animal models of ICH 

has provided insight into its complex pathology, in particular revealing the role of inflammation in 

driving neuronal death and neurologic deficits after hemorrhage. The response to ICH occurs in 

four distinct phases: (1) initial tissue damage and local activation of inflammatory factors, (2) 

inflammation-driven breakdown of the blood–brain barrier, (3) recruitment of circulating 

inflammatory cells and subsequent secondary immunopathology, and (4) engagement of tissue 

repair responses that promote tissue repair and restoration of neurologic function. The 

development of CNS inflammation occurs over many days after initial hemorrhage and thus may 

represent an ideal target for treatment of the disease, but further research is required to identify the 

mechanisms that promote engagement of inflammatory versus anti-inflammatory pathways. In this 

review, the authors examine how experimental models of ICH have uncovered critical mediators of 

pathology in each of the four stages of the inflammatory response, and focus on the role of the 

immune system in these processes.
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Stroke is a major international health concern and the cause of death for an estimated 11% 

of deaths worldwide.1 Intracerebral hemorrhage (ICH), while accounting for just 10 to 25% 

of total strokes, is responsible for greater than half of stroke-related deaths, and less than 

half of ICH patients survive for 1 year.2 Survivors of ICH often suffer severe morbidity, with 

just 20% living independently at 6 months.3 Despite efforts to improve therapy and develop 

new treatments for the disease, the overall mortality rate for ICH has not declined in the past 

10 years, and many recent clinical trials for novel surgical or pharmaceutical interventions 

have failed to show substantial benefit.2 Therefore, there is a critical need for improvement 

in our understanding of the basic mechanisms governing the severe pathology and resulting 

morbidity associated with ICH to appropriately target future therapies.

Address for correspondence: Lauren H. Sansing, MD, MS, Department of Neurology, Yale School of Medicine, 300 George St., Room 
353, New Haven, CT 06511 (Lauren.Sansing@yale.edu). 

HHS Public Access
Author manuscript
Semin Neurol. Author manuscript; available in PMC 2017 June 01.

Published in final edited form as:
Semin Neurol. 2016 June ; 36(3): 288–297. doi:10.1055/s-0036-1582132.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Experimental models of ICH have to this point provided important insight into the systemic 

and local processes that occur after hemorrhage. In particular, these studies have clarified 

that though direct mechanical, chemical, and oxidative insults resulting from the hemorrhage 

are largely responsible for the immediate loss of tissue at the site of the hematoma, 

inflammatory processes engaged by this initial injury drive continued neuronal death in the 

perihematomal region.4 The secondary tissue damage driven by recruitment and activation 

of the immune system occurs predominantly between 12 hours and 72 hours after initial 

hemorrhage, and the region of neuronal loss associated with ICH expands substantially 

during this period.5–7 Thus, preclinical data suggest that there is an extended time window in 

which inhibition of central nervous system (CNS) inflammation may provide substantial 

benefit to ICH patients.

The inflammatory response to ICH can be divided into four distinct stages (Fig. 1):

1. Initial tissue damage and activation of local inflammatory factors

2. Immune activation in the CNS and remodeling of the blood–brain barrier 

(BBB)

3. Recruitment of circulating leukocytes and subsequent secondary 

immunopathology

4. Engagement of anti-inflammatory responses that promote tissue repair and 

restoration of neurologic function

In this review, we will first briefly examine the experimental animal models of ICH that have 

been developed and the relative strengths and weaknesses of each model. After this, we will 

explore how these models have informed our knowledge of key biological processes 

engaged by ICH at each stage, including various forms of cell death, inflammatory and 

inhibitory cytokines, matrix metalloproteinases, oxidative stress and damage resulting from 

free radicals, and components of the clotting cascade. Although great progress has been 

made thus far in understanding these interconnected pathways during the course of ICH and 

its resolution, there remain substantial gaps in our understanding of this disease; in this 

review, we will attempt to identify and comment upon these opportunities for future 

research.

 Experimental Models of Intracerebral Hemorrhage

Due to their small size, high reproductive rate, and ease of manipulation, rats and mice have 

been the predominant mammalian experimental models of human disease for nearly 100 

years, and this is likewise true of basic research on ICH. It is important to note, however, 

that rodent brains differ in many important ways from humans, including the proportion of 

white matter as well as physiological and physical factors associated with size.8 Studies on 

surgical approaches to ICH treatment, as well as those focused on loss of white matter and 

higher cognition deficits, have often utilized larger animal models, including dogs and 

pigs.8–10 Nonetheless, the ease of use and increasing genetic tractability of murine models 

has resulted in the majority of current work being performed in these species, particularly 

the mouse. There are two common approaches to induction of ICH in experimental models: 
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injection of bacterial collagenase (either type IV or type VII) into the striatum and 

intrastriatal injection of autologous blood.

The collagenase injection model, first developed in rats,11 and then adapted for use in a wide 

range of species,8 acts by dissolving the collagen-based periendothelial extracellular matrix 

resulting in rapid spontaneous hemorrhage of small blood vessels near the site of injection. 

Sham injections or injections of saline are common controls. This approach mimics some 

key elements of clinical ICH, including endothelial damage and continued bleeding/

rebleeding. Additionally, it is highly reproducible and hematoma volume can be controlled 

by the dose of collagenase used.8,11 However, this approach typically generates higher levels 

of inflammation than similar-sized hematomas in other models,12–14 suggesting that 

collagenase may initiate inflammatory pathways independent of its effect on hemorrhage. 

This may be the result of trace bacterial contaminants in the collagenase capable of potently 

activating bacterial pattern recognition receptors, or simply the continued dissolution of 

basement membrane.

Injection of autologous blood in the rat striatum was first developed as a model of ICH in 

1985,10 and like collagenase injection, has been adapted for a wide range of species 

including mice.8,15 In this model, a controlled volume of whole blood is slowly infused 

directly into the striatum of immobilized mice to mimic the bleeding resulting from 

hemorrhage. This approach allows more precise control of hemorrhage size than the 

collagenase model, and avoids the complications of introducing an active bacterial enzyme 

into the site of injury, but it does not effectively model the rupture of blood vessels or 

sustained bleeding associated with ICH in the clinical setting. Soluble factors associated 

with endothelial damage, including activators of the complement cascade and thrombin, are 

believed to be important early signals in the pathology of ICH,16 and the absence of 

endothelial breakdown is a drawback of the autologous blood model.

In addition to the collagenase and autologous blood models, injection of blood components, 

such as thrombin, hemoglobin, and iron, have been used to model ICH in rodents.17,18 

However, as these systems are likely less physiologically relevant than the prevailing 

models, they are best used when assessing the particular contributions of these components 

to the pathology of ICH. More recently, genetically manipulated mice have been utilized to 

develop models of spontaneous ICH without the need for injection, thus avoiding any 

inflammation driven by the surgeries necessary for intracerebral injection of collagenase or 

autologous blood.19,20 Although the drawback to these approaches has been the inability to 

control the onset of hemorrhage and therefore closely examine the early effects of the 

disease, a recent study has described an inducible endothelial-specific genetic strategy in 

which hemorrhage occurs only after administration of high-affinity synthetic estrogen,20 and 

may represent a promising means by which to study ICH in a controlled manner without 

surgical intervention. As each model of ICH possesses distinct strengths and weaknesses, the 

combined use of multiple approaches is recommended for preclinical and translational 

studies.
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 Stage I (0–6 Hours): Cell Death and Local Inflammation

Neuronal death at the site of the hematoma occurs rapidly upon the onset of ICH, and 

apoptotic as well as necrotic neurons have been observed in surgical evacuates.21,22 

Although cell death at the immediate site of hemorrhage is believed to result from 

mechanical disruption of the tissue and the resulting mass effect,23 preclinical studies have 

identified distinct mechanisms of secondary neuronal injury resulting from blood-derived 

factors released during hemorrhage.3,16 Direct exposure of neurons to components of 

peripheral blood, including hemoglobin, can induce oxidative stress and engage apoptotic 

pathways on neurons.16,24–26 Simultaneously, endothelial damage during hemorrhage can 

activate proteases associated with initiation of the clotting cascade, such as complement 

serine proteases and thrombin, which activate CNS-resident microglia.16,27–30 Furthermore, 

these signals can act together to drive a recently discovered form of inflammatory cell death, 

necroptosis, which results in the release by dying neurons of potent inflammatory factors 

that propagate neuronal degeneration while simultaneously potentiating immune 

activation.31–36 This initial cascade of cell death and subsequent localized immune 

activation that occurs in the CNS during the first 6 hours posthemorrhage results in the 

remodeling of the BBB observed at later time-points after ICH.37

 Oxidative Stress

Upon hemorrhage, iron, in the form of the cofactor heme, is released from the peripheral 

blood into the brain parenchyma.26 Heme is broken down into free iron and bilirubin by 

heme oxygenases (HO) expressed in neurons, astrocytes, and microglia.24,38,39 The 

subsequent release of free iron acts as a potent oxidative insult,17 and markers of oxidative 

stress neurons have been observed in many studies of ICH.17,24,25,40 The exact role of HO 

enzymes in ICH pathology remains controversial, with some studies finding that HO-1-or 

HO-2-deficient mice have decreased neurologic deficits and edema,25,39 whereas others 

have reported that HO-1 and HO-2 protect against neuronal death by sequestering free iron 

within microglia and astrocytes.38,41 The deleterious effect of free iron is better supported in 

experimental models, as treatment with the iron chelator deferoxamine decreased white 

matter loss and ameliorated the neurologic deficits in experimental models of ICH.9,42,43 

Notably, the protective effect of deferoxamine was most potent when administered within 2 

to 4 hours after hemorrhage, and treatment > 24 hours post-ICH had no significant effect on 

subsequent inflammation and behavioral outcomes,44,45 supporting the role of blood-derived 

free iron in the earliest stages of the inflammatory response to ICH. Thus, early intervention 

to prevent oxidative stress induced by blood components is a promising target for 

therapeutic intervention; a clinical trial to assess the efficacy and safety of deferoxamine 

treatment for ICH is ongoing.46

 Thrombin and Complement Activation

Thrombin is a critical serine protease in the coagulation cascade produced on the plasma 

membrane of platelets and leukocytes and released into the brain parenchyma early during 

ICH.16,18,26,47 Beyond its role in driving the clotting of blood in the CNS after ICH, 

thrombin can bind directly to a family of protease-activated receptors (PARs), most notably 

PAR-1.48 PAR-1 expression is increased in the brains of rats after ICH,48 and thrombin 
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contributes to the pathology of ICH by acting directly on PAR-1 expressing neurons and 

microglia.16 Indeed, intracerebral injection of rat striata activated resident microglia and 

increased vascular permeability of the BBB.18,30 PAR-1 signaling on neurons potentiates N-

methyl-D-aspartate (NMDA) receptor activation of ion channels and can drive glutamate-

mediated hypertoxicity and apoptosis.29,30,49,50 Indeed, PAR-1-deficient mice have 

decreased neuronal death and smaller lesion size after ICH, an effect reversed by 

administration of an NMDA antagonist.49,51 Thrombin also acts through PAR-1 to activate 

the transcription factor NF-κB (nuclear factor kappa-light-chain-enhancer of activated B 

cells) in microglia, resulting in production of the inflammatory cytokines tumor necrosis 

factor α (TNF-α) and interleukin 1 β (IL-1β).52,53

Thrombin, as well as other components of the clotting cascade such as plasmin and factor X, 

can initiate activation of the complement cascade by catalyzing the cleavage of C3 and C5.54 

Complement activation has been observed after experimental ICH,27,55 and may perpetuate 

inflammation and tissue damage via formation of the membrane attack complex and 

subsequent lysis of damaged erythrocytes as well as by recruitment and activation of 

leukocytes via the action of the C3a and C5a anaphylatoxins.28 Supporting the role of 

complement-mediated damage and inflammation in ICH, C3-deficient mice displayed 

improved behavioral outcomes and decreased HO-1 activity after hemorrhage,56 and 

pharmacological complement inhibition decreased leukocyte invasion and improved 

behavioral responses in both mice and rats.55,57,58 In contrast, a study of C5-deficient mice 

found small increases in edema after ICH compared with wild-type (WT) controls, 

suggesting that the various components of the complement cascade may play distinct roles 

after ICH.15

 Production of Inflammatory Factors

Neuronal death after ICH has long been noted to include both apoptotic and necrotic cell 

death pathways.21,22,59 However, the recent discovery of a novel inflammatory cellular death 

pathway, necroptosis, has led to a series of studies investigating the role of this unique form 

of inflammatory cell death in ICH.31,32,34,60–63 Necroptosis is engaged by engagement of 

innate pattern recognition receptors that respond to both foreign pathogens as well as 

endogenous “danger signals” of tissue injury. Activation of these receptors results in 

formation of an intracellular “inflammasome” complex that activates caspase 1 as well as 

caspase 3, which promotes the release of inflammatory factors such as IL-1β and high-

mobility group box 1 (HMGB1), as well as initiation of a controlled cell death resembling, 

but distinct from, apoptosis.60 Several recent studies have noted the activation of necroptosis 

in the affected brain as early as 3 hours post-ICH.32,34,62

The importance of necroptosis in the propagation of inflammation following ICH has been 

supported by recent studies inhibiting this process by administration of necrostatin, which 

prevents activation of the RIP kinases necessary for initiation of necroptosis. Necrostatin 

administration to rats at the time of experimental ICH resulted in dramatic improvement in 

behavioral outcomes at 24 and 72 hours post-ICH, as well as observed decreases in 

hematoma volume, neuronal death, astroglial and microglia/macrophage activation, and 

production of TNF-α and IL-1β.31,34,61 Activation of NLR family pyrin domain containing 3 
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(NLRP3) occurs in response to oxidative stress and is a potent driver of necroptosis.64 

NLRP3 inhibition also improved behavioral outcomes and decreased microglia/macrophage 

activation and cytokine production after ICH,62,63 supporting the role of oxidative damage 

caused by free iron in the activation of innate inflammatory pathways immediately following 

ICH. Thus, the presence of blood components in the brain parenchyma acts as a danger 

signal, activating neuron necroptosis and resulting in the release of inflammatory factors in 

the perihematomal region.

 Stage II (~6 Hours): Glial Activation and Breakdown of the Blood–Brain 

Barrier

Microglia are the resident innate phagocytes of the CNS and constitutively survey the CNS 

for the presence of infectious microbes and for endogenous danger signals of tissue damage 

and inflammation.65 After ICH, inflammatory factors generated by blood components and 

neuronal cell death bind receptors on microglia, engaging signaling cascades that result in 

activation of NF-κB and subsequent microglial activation. Indeed, decreased NF-κB 

expression and microglial activation after ICH has been observed upon inhibition of 

signaling by TNF-α,66 IL-1β,67 thrombin,30,52 heme,66,67 and HMGB1,68 demonstrating the 

ability of these remarkable cells to respond to a wide range of inflammatory stimuli in this 

setting. Microglial activation results in the production of matrix metalloproteinases (MMPs), 

a family of potent proteinases involved in remodeling of extracellular matrix and regulation 

of the BBB.69 Secretion of MMPs has been observed in the perihematomal region in 

experimental models of ICH,70–74 as well as in patients after hemorrhage.72,75 These studies 

have found that MMP9 is particularly important for disruption of endothelial tight junctions, 

BBB remodeling, and increased vascular permeability after ICH, and high serum levels of 

MMP9 in ICH patients are associated with hematoma growth and poor clinical 

outcome.76–78

The primary cellular sources of MMPs after ICH remain unclear. Several studies have 

reported MMP expression in perihematomal macrophages,70,73,75 but the methodologies 

used in these studies do not allow clear distinction between activated microglia and recruited 

blood-derived macrophages.65 Furthermore, MMP production by astrocytes and neutrophils 

after ICH has been reported69,72,75 and endothelial cells are also capable of MMP 

production.79 Matrix metalloproteinase activity has been observed as early as 6 hours post-

ICH, with higher levels detected at 12 to 24 hours post-ICH.69,70 These findings support a 

model in which early MMP production by CNS-resident microglia and astrocytes promotes 

degradation of the BBB and initial recruitment of inflammatory leukocytes, which in turn 

participate in MMP production and contribute to progressively increased permeability of 

cerebral vasculature. Regulation of the BBB during inflammation is a complex process, and 

increased vesicular transport of proteins by endothelium as well the activity of complement 

and von Willebrand factor have been shown to mediate endothelial permeability after 

ICH.28,37,80,81 Recruited inflammatory leukocytes are a major source of the secondary 

neuronal injury after ICH, and the BBB thus represents an ideal target for therapy to inhibit 

continued inflammation after hemorrhage. However, there is substantial need for 
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improvement in our understanding of the pathways and factors regulating vascular 

permeability after CNS injury to develop targeted therapies.

 Stage III (12 Hours–7 Days): CNS Inflltration of Circulating Leukocytes

 Monocytes and Neutrophil Recruitment

The presence of leukocytes in the CNS after ICH has been observed for more than 40 

years.82 The importance of these cells to ICH pathology was first demonstrated when whole-

body irradiation resulting in severe depletion of circulating leukocytes dramatically reduced 

edema and inflammation after ICH.83 The role of recruited polymorphonuclear and 

mononuclear leukocytes in the pathology of ICH has remained an area of great interest. 

Although the recruitment of neutrophils to the perihematomal region between 1 and 3 days 

posthemorrhage has been widely reported, the contribution of blood-derived macrophage 

populations in the CNS has only recently begun to be appreciated.6,7,41,57,84–87 The majority 

of studies examining macrophage activation after ICH have identified these cells by 

immunohistochemistry or immunofluorescence using expression of OX-42 or 

Iba-1.6,30,65,84,88–90 However, these markers are expressed both by activated microglia as 

well as monocyte-derived macrophages recruited from the blood65; thus the cellular identity 

of perihematomal phagocytes remained unclear. More recently, flow cytometry has been 

used to distinguish between myeloid populations in the CNS after ICH, with neutrophils 

identified as CD11b+ Ly6G+ Ly6Cmid CD45mid-hi, blood-derived macrophage populations as 

CD11b+ Ly6G− Ly6Chi CD45hi, and microglia as CD11b+ Ly6G− CD45low.85,91–95 Using 

this approach, we and others have found that inflammatory macrophages and neutrophils in-

filtrate the CNS after ICH, with blood-derived macrophages comprising the dominant 

phagocyte population in the ipsilateral hemisphere from 12 hours to 7 days 

posthemorrhage.7,85,87,96 Notably, few leukocytes from the blood injection used to induce 

ICH were observed in the CNS,7 indicating that leukocyte recruitment after ICH is a distinct 

process and not an artifact of leukocytes from within the initial modeling of ICH.

Chemotaxis and extravasation of leukocytes from the circulation into the CNS after ICH are 

carefully controlled, and the signals governing these processes continue to be investigated in 

experimental models. CCR2 and CCR7, the two chemokines most responsible for monocyte 

recruitment to inflamed tissues,97 are increased in brain tissue after experimental ICH and 

peak at 1 day posthemorrhage.7,87 We found that CCL2-CCR2 signaling on blood-derived 

Ly6Chi macrophages, but not microglia, is critical for CNS invasion of these cells, and 

CCR2-deficient macrophages failed to accumulate in the ipsilateral hemisphere after ICH.7 

This study provides context to the earlier finding that CCL2 or CCR2 deficiency resulted in 

decreased macrophage activation in the perihematomal region after ICH.89 Underscoring the 

clinical relevance of this signaling pathway, serum levels of CCL2 in patients 24 hours post-

ICH correlated with modified Rankin Scale scores after 7 days.7

The contribution of cell adhesion molecules to leukocyte invasion after ICH has also been 

investigated. Mice deficient in β2 integrin (CD18), an integrin important in myeloid cell-to-

cell contact and extravasation, displayed decreased neutrophil recruitment after ICH.98 

Similarly, inhibition of vascular adhesion protein 1 (VAP-1) resulted in an approximate 50% 

decrease in neutrophil infiltration after ICH, despite no observed change in hematoma 

Askenase and Sansing Page 7

Semin Neurol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



volume.99 Recently, we have reported increased expression of α4 integrin by blood-derived 

macrophages, neutrophils, and T cells in the brain after ICH.96 Antibody blockade of α4 

prior to induction of ICH resulted in decreased recruitment of T cells and macrophages 2 

days posthemorrhage,96 indicating that α4 integrin is important for the early recruitment of 

certain leukocyte populations after ICH.

 Monocytes and Neutrophils Contribute to ICH Pathology

Blood-derived macrophages and neutrophils become highly activated upon recruitment to 

the perihematomal region after ICH in response to cytokines such as TNF-α and IL-1β, as 

well as the inflammation-associated factors thrombin, heme, and HMGB1. These 

inflammatory signals bind cell surface receptors on myeloid cells, resulting in NF-κB 

activation and production of inflammatory cytokines, reactive oxygen species, and nitric 

oxide that contribute to tissue damage.4,100 Direct evidence of inflammatory cytokine 

production by recruited leukocytes during ICH is limited, although we have recently 

demonstrated TNF-α production by recruited Ly6Chi macrophages in the CNS.7 However, 

recruitment of infiltrating leukocytes peaks between 1 and 3 days post-ICH,6,7,13,84 

coinciding with observation of the highest levels of IL-1β and IL-6,87,92,101 and expansion of 

the region of neuronal death.5,40 Systemic depletion of neutrophils or monocytes or 

blockade of their entry into the CNS has consistently been found to decrease inflammation 

and improve functional outcomes, further supporting the pathological role of these recruited 

leukocytes early after ICH.7,80,81,86,89,96,98,99,102 Thus, the prevailing model is that early 

local inflammation after ICH precipitates recruitment of neutrophils and inflammatory 

monocytes/macrophages that subsequently contribute to an increasing inflammatory 

response in a feed-forward loop for approximately the first 3 days after hemorrhage.

Tumor necrosis factor α and IL-1β are believed to play an important role in the activation of 

recruited myeloid cells after ICH, and indeed inhibition of signaling by these cytokines has 

been shown to reduce macrophage and neutrophil activation and improve behavioral 

outcomes.103–105 However, these studies were unable to differentiate between the roles of 

these cytokines in early microglial activation versus the pathology induced by recruited 

cells; further study in exactly the role these factors play at various stages of ICH is required.

As described earlier in this review, the early stages of ICH result in release of heme, 

thrombin, and HMGB1 into the brain parenchyma. Each of these signals bind pattern-

recognition receptors expressed on blood-derived macrophages and neutrophils and 

contribute to their activation. In particular, all three of these factors are believed to bind Toll-

like receptor 4 (TLR4).16,92 Toll-like receptor 4-deficient mice demonstrate decreased levels 

of IL-1β, IL-6, and TNF-α in the brain as well as improved behavioral outcomes after 

ICH.66,92,106 Intriguingly, experiments conducted with wild type and TLR4-deficient blood 

injected into the striatum revealed that TLR4 signaling in the hemorrhage appears to 

contribute importantly to the inflammation subsequent to ICH in addition to its activity in 

recruited monocytes and neutrophils.92 High-mobility group box 1 can also bind toll-like 

receptor 2 (TLR2) and the receptor for advanced glycation end-products (RAGE), and likely 

contributes to inflammation after ICH via its action on these receptors.68,94 Indeed, 

inhibition of HMGB1 signaling resulted in decreased hematoma volume, neuronal death, 
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and leukocyte recruitment, as well as improved behavioral outcomes after ICH.35,91,107 

Accordingly, high serum levels of HMGB1 upon admission correlated with worse patient 

outcomes after 3 months.36

 Stage IV: Engagement of Anti-Inflammatory and Wound Healing 

Responses (~72 Hours–?)

 Anti-Inflammatory Pathways Engaged After Intracerebral Hemorrhage

Hematoma size, neuron death, and inflammation peak between 1 and 3 days after 

ICH.6,7,13,101,108 Notably, while at 72 hours post-ICH levels of IL-1β and IL-6 remain 

elevated, at this time point the presence of factors associated with inhibition of inflammation 

in the CNS, such as TGF-β and CXCL1, have increased.92,101 By 7 days posthemorrhage, 

the hematoma has largely been cleared and inflammation has receded.6,7,101 Additionally, 

expression of CD36, a scavenger receptor important for phagocytosis of apoptotic and 

necrotic cells, is increased on blood-derived macrophages and microglia at 3 and 7 days 

post-ICH.7,92,95 CD36-deficient mice displayed increased hematoma volume 5 days post-

ICH and had worse behavioral outcomes than wild-type controls,95 indicating that CD36 

may play an important role in hematoma clearance and recovery of neurologic function after 

ICH.

Recovery from ICH may also involve activation of pathways that regulate oxidative damage 

from free iron, ROS, and NO.4 Mice deficient for nuclear factor erythroid 2-related factor 2 

(Nrf2), an important regulator of antioxidative responses during inflammation, demonstrated 

higher levels of neuronal death and worse functional outcomes after ICH.109,110 

Experimental studies in which drugs that activate Nrf2 were administered 30 minutes to 2 

hours after induction of ICH have found decreased inflammation and improved behavioral 

outcomes after 5 days.110,111 Similarly, therapeutic activation of peroxisome proliferator-

activated receptor γ(PPARγ), which has also been shown to regulate antioxidative enzymes 

such as catalase and superoxide dismutase, decreased neuronal death and leukocyte 

recruitment, resulting in improved behavioral outcomes after ICH.90,112 Notably, both Nrf2 

and PPARγ have been shown to inhibit NF-κB activation,109,112 and PPARγ activation also 

increased CD36 expression in the brain,90 suggesting that these factors may inhibit 

inflammation after ICH via multiple pathways.

Recent studies of statin use by ICH patients found that statin users had increased survival 

and decreased morbidity 30 days after ICH, and that discontinuation of statin use was 

associated with worse outcome.113,114 Experimental models of ICH have supported a 

protective role for statins in ICH. Statin treatment following induction of ICH in murine 

models resulted in decreased hematoma volume and neuron death, as well as improved 

behavioral outcomes.115–117 In addition to their effects on blood pressure, statins are 

believed to have anti-inflammatory properties.118 Indeed, statin administration after ICH 

decreased microglial activation and improved BBB integrity.116,117,119 These changes were 

associated with decreased expression of TNF-α as well as increased expression of the anti-

inflammatory cytokine interleukin 10 and increased neurogenesis during the recovery from 

ICH.115,117
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 Stem Cell Therapy after Intracerebral Hemorrhage

Administration of pluripotent stem cells to stimulate neural regeneration after injury is 

currently being investigated in a wide range of conditions, including ICH. Bone marrow 

stromal cells administered by intraperitoneal injection at the time of induction of ICH homed 

to the damaged striatum, proliferated, and acquired expression of neuron and astrocyte 

markers.120 More promising for translation to the clinic, intracerebral transplantation of 

neural stem cells at 3 days post-ICH resulted in differentiation of transplanted cells into 

neurons and astrocytes and dramatically improved behavioral outcomes 1 month after 

ICH.121 These early studies have demonstrated incredible promise for stem cell therapy in 

treating ICH, but greater understanding of the mechanisms of neuronal regeneration in these 

settings is required.

 Discussion

In this review we summarize what we have learned to date about the pathology of ICH from 

experimental models of the disease. Several potential immunomodulatory therapies have 

now been tested in clinical trials for ICH (Table 1). As of yet, no specific therapy has been 

identified, and it is apparent is how much we have yet to understand. In particular, certain 

aspects of the progression of ICH deserve greater attention moving forward. Intracerebral 

hemorrhage is characterized by an increased permeability of the BBB and the recruitment of 

circulating leukocytes. The clear role of recruited monocytes and neutrophils in driving 

tissue pathology and neuronal death during ICH suggests that therapies preventing BBB 

remodeling after ICH hold great promise, but we lack an understanding of the signals 

involved in this process. Moreover, most studies of ICH have not utilized approaches that 

allow a clear distinction between blood-derived macrophages and CNS-resident microglia; 

moving forward we must assess the role of each of these cells in ICH separately and more 

specifically, as initial evidence suggests they may play greatly differing roles in 

inflammation after hemorrhage and during recovery. To date, very few studies have 

investigated thoroughly the later stages of ICH and the pathways involved in clearance of the 

hematoma, resolution of inflammation, and other reparative processes. These natural 

pathways may be ideal targets to augment in clinical settings to promote neurologic repair. 

Finally, murine brain anatomy and immunological processes differ greatly from those 

observed in human patients, and when possible, data derived from clinical settings of 

patients with ICH may help to inform future basic and translational research.
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Fig. 1. 
Time course of inflammatory and tissue repair responses after intracerebral hemorrhage 

(ICH). The onset of ICH causes inflammatory cell death, resulting in the release of 

proinflammatory factors. Neuronal death occurs rapidly after hemorrhage and continues for 

the first 3 days posthemorrhage. Expression of factors that regulate the blood–brain barrier 

(BBB), including matrix metalloproteinases, is first detected at 6 hours post-ICH, and 

increased BBB permeability is observed for an extended period after hemorrhage. The 

recruitment of peripheral leukocytes results in significant accumulation of blood-derived 

macrophages and neutrophils detected at 12 hours post-ICH and peaking at ~24 hours after 

hemorrhage. At 3 days after hemorrhage, the initiation of pathways involved in tissue repair 

and hematoma resolution can be detected; however, the duration of these processes remains 

unclear.
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Table 1

Targeted anti-inflammatory therapies tested in early-phase clinical trials for the treatment of intracerebral 

hemorrhage

Medication Target(s) Proposed mechanism Trial results

Dexamethasone Glucocorticoid receptor agonist Inhibition of NF-κB, 
proapoptotic effect on 
lymphocytes

Mixed results in safety of patients 
due to hyperglycemia122,123

Anakinra IL-1 receptor antagonist Inhibition of activation of 
microglia, neutrophils, and 
macrophages

No specific safety concerns in 
patients with ICH (n = 5)124

Celecoxib Cyclo-oxygenase-2 (COX-2) inhibitor Inhibition of prostaglandin 
synthesis

Reduced perihematomal edema and 
ICH expansion125

Fingolimod (FTY720) Sphingosine 1-phosphate receptor 
blockade

Reduction in circulating 
lymphocytes

Reduced edema at day 7 and 14 in 
treated patients; improved neurologic 
outcomes at days 7, 14, and 30126

Pioglitazone PPAR γ agonist Activation of antioxidative 
pathways

Trial evaluating safety and 
tolerability completed; results 
pending127

Deferoxamine Iron chelator Prevention of iron induced 
oxidative injury

Trial evaluating safety and 
tolerability in progress128

Abbreviations: ICH, intracerebral hemorrhage; IL-1, interleukin 1; NF-κB, nuclear factor kappa-light-chain enhancer of activated B cells; PPARγ, 
peroxisome proliferator-activated receptor gamma.

Semin Neurol. Author manuscript; available in PMC 2017 June 01.


	Abstract
	Experimental Models of Intracerebral Hemorrhage
	Stage I (0–6 Hours): Cell Death and Local Inflammation
	Oxidative Stress
	Thrombin and Complement Activation
	Production of Inflammatory Factors

	Stage II (~6 Hours): Glial Activation and Breakdown of the Blood–Brain Barrier
	Stage III (12 Hours–7 Days): CNS Inflltration of Circulating Leukocytes
	Monocytes and Neutrophil Recruitment
	Monocytes and Neutrophils Contribute to ICH Pathology

	Stage IV: Engagement of Anti-Inflammatory and Wound Healing Responses (~72 Hours–?)
	Anti-Inflammatory Pathways Engaged After Intracerebral Hemorrhage
	Stem Cell Therapy after Intracerebral Hemorrhage

	Discussion
	References
	Fig. 1
	Table 1

