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Complementing Subarachnoid Hemorrhage. 

Aneurysmal subarachnoid hemorrhage (SAH) is a severe type of stroke with 
a high case fatality rate. The hemorrhage is caused by the rupture of an an-
eurysm; an outpouching of an artery. The median age on which an aneurys-
mal SAH occurs is around 55 years. Because of the young age it occurs, and 
the poor outcome, the loss of productive life years is high.1 One-third of the 
patients dies within 3 months after ictus, and surviving patients often have 
long-lasting functional and cognitive impairments.
In this thesis, we will focus on the brain injury from aneurysmal SAH. Upon 
rupture of the aneurysm, blood spurs into the subarachnoid space, a cavi-
ty between the membranes around the brain. Subsequently, several factors 
lead to brain injury. The subarachnoid space is constrained by the skull, and 
therefore the intracranial pressure rises and may become as high as blood 
pressure. As a result, the blood supply to the brain is compromised, which 
leads to ischemic brain injury. Furthermore, there is a rapid degradation of 
erythrocytes within the cerebrospinal fluid. Many of these breakdown prod-
ucts of blood are toxic to the brain, which may cause further brain injury.2 
The rupture of an aneurysm, ischemic brain injury and the breakdown prod-
ucts in the subarachnoid space all trigger molecular and cellular pathways, 
such as the complement system and glia activation.3 
 

The complement system is an immune pathway which consists of over 30 
components.4 The pathways can get activated via three different routes, all 
leading to the production of a key component: C3 (Figure 1). From there, 
cleavage products of C3 activate immune cells. Furthermore, C5 and its 
cleavage components enhance the immune response. Moreover, it can gen-
erate the membrane attack complex, that can damage cells by making pores 
into cell membrane. This can be beneficial in case of a bacterial infection, but 
it causes additional damage to brain cells. 

> Figure 1. Scheme of the complement system. The complement system consists 
of over 30 components that activate after damage or infections. Three initiating pathways, 
the classical, lectin, and alternative pathway lead to the convertase of C3, the main compo-
nent of the complement system. From there, a cascade of responses triggers the production 
of anaphylatoxins C3a and C5a, leading to chemotaxis (recruitment of immune cells) and 
inflammation. Furthermore, the Membrane Attack Complex is formed, that makes pores 
into the membrane of cells, inducing cell death.  
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The activation of immune cells after SAH, in part by the complement system, 
happens both in the peripheral circulation, and in the brain.5 In the brain, 
the immune response is mainly orchestrated by glia. The definition of glia, 
classically described in the Oxford dictionary as “The connective tissue of the 
nervous system, consisting of several different types of cell associated with 
neurons,” is much more than that. Whereas neurons simply are conveying 
electro-chemical signals, glia cells have a long list of functions that support 
brain functioning. Amongst other functions, they maintain and support the 
synapse,6 regulate the number of synapses,7,8 regulate the blood flow and 
control energy consumption,9 and facilitate action potentials through the 
axon.10 Therefore, glia are crucial for the functioning of the brain. The main 
glia cell types in the mammalian brain are astrocytes, microglia, and oligo-
dendrocytes (Figure 2). 

 > Figure 2. Illustrations of three main glial cells in the mammalian brain, and their 
main functions. Astrocytes have countless fine processes that make contact with synapses, 
axonal nodes of Ranvier, glia limitans and blood vessels. By doing so, they keep homeo-
stasis of ions and water, recycle neurotransmitters from synaptic clefts, but also release 
gliotransmitters themselves. Furthermore, they take up nutrition from blood vessels, while 
regulating the vessel constriction/dilation. Moreover, they respond to damage to the brain 
or during a disease process, and becoming immune activated. Microglia, while not immune 
activated, have long thin motile protrusions that scan the area for damage. Furthermore, 
these protrusions sense weak synapses, and can eliminate these synapses by pruning. Upon 
brain damage, their processes become smaller and thicker, ultimately forming an amoeboid 
cell. They produce cytokines, enhancing the immune response, and phagocytose cell debris. 
Oligodendrocytes reside in the white matter of the brain where axons of neurons cross 
the brain. The oligodendrocytes have short processes that enwrap the axons with myelin 
sheets. They thereby isolate the axons, making action potentials go faster through the axon. 
Oligodendrocytes also produce trophic factors that support axons. 
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In response to damage, glial cells respond by a process called gliosis.12 Main-
ly the astrocytes and microglia change their functions upon damage and 
become immune activated. Gliosis is a spectrum, from mild cytokine pro-
duction, to a severe form of a glial scar around damaged tissue.13 The re-
sponse can be neuroprotective, but, can also further damage the brain.14 
This is partly because the glia do not execute their homeostatic functions 
anymore, which will lead to brain dysfunction. Furthermore, the production 
of too many cytokines can be toxic to the environment.15 
Upon SAH, both complement and the glial response is supposed to reduce 
the damage inflicted to brain. However, a sustained glia response can en-
hance the damage of the SAH, thus complement the subarachnoid hemor-
rhage. 

In chapter 1, we systematically reviewed the literature on the glial response 
after SAH until July 2015.15 In chapter 1, we also give insights into the func-
tional consequences and clinical implications of the glia response. An update 
is given in the other chapters and in the discussion.

In chapter 2, we studied the role of the complement system in the develop-
ment of brain injury after SAH. We investigated the presence of complement 
components C1q and C3 in the brain of SAH patients. Furthermore, we stud-
ied whether single nucleotide polymorphisms in complement genes are as-
sociated with poor functional outcome in patients. Moreover, we measured 
complement components levels in plasma and cerebrospinal fluid of over 
time for up to 17 days.  In a mouse model for SAH, we studied whether mice 
lacking C5a receptors have reduced microglia response and reduced neural 
cell death. Moreover, wildtype mice were treated with an antibody that pre-
vents the cleavage of C5 into C5a and C5b, to investigate the possibilities for 
therapeutic interventions. 

In chapter 3, we investigated long-term cognitive outcome of SAH. Many 
patients who survive SAH have long-term cognitive impairments. Many do-
mains are affected, such as memory and attention. We subjected mice with 
and without SAH to behavioral tests. We investigated whether the comple-
ment/glial response is associated with cognitive impairments. 

Is the glial response then only detrimental? In chapter 4, we investigated 
whether the glial response can be beneficial, by having regenerative proper-
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ties. The adult brain has neurogenic astrocytes capable to produce newborn 
neurons.16 Furthermore, upon damage, glia can start to proliferate, and mi-
grate to the lesion site.17 We investigated the amount of proliferative neuro-
genic astrocytes in the neurogenic niches of the mouse brain after SAH. 

In the General Discussion, we discuss our findings on the complement and 
glia response after SAH, and their clinical implications. We also give an over-
view of the SAH and glia articles that were published after our search in July 
2015.15 We also discuss future possibilities for clinical practice to reduce the 
detrimental properties of gliosis, while stimulating the neuroprotective ca-
pabilities. 
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Abstract

Glial cells, both astrocytes and microglia, respond to neurodegenerative pro-
cesses and to brain damage by a process called reactive gliosis. This response 
is highly context dependent, varies from mild to severe, and can be protec-
tive or detrimental for neural functioning. In patients with a subarachnoid 
hemorrhage from a ruptured aneurysm, the acute glial response is important 
to restrict the initial damage. Patients who survive the hemorrhage and early 
brain injury, often suffer from delayed cerebral ischemia or persisting cogni-
tive impairment. Glia emerge as versatile cells that can modulate synapses 
and can control the microcirculatory blood flow in the brain. Therefore, a 
sustained activation of glial cells can affect normal brain functioning. Here 
we review the current literature on the glial response induced by aneurysmal 
subarachnoid hemorrhage in humans and in animal models. We discuss how 
reactive gliosis can affect brain functioning and how it may contribute to 
early brain injury, delayed cerebral ischemia and cognitive impairment after 
aneurysmal subarachnoid hemorrhage. 

Keywords
Stroke, reactive gliosis, astrocytes, microglia, cognitive impairment, sub-
arachnoid hemorrhage

Abbreviations
ADAMTS-13, a disintegrin and metalloproteinase with a thrombospondin 
type 1 motif, member 13; AQP1/4, Aquaporin 1/4; BBB, Blood Brain Barrier; 
BK, Big Potassium; CSD, Cortical Spreading Depression; CSF, cerebrospinal 
fluid; DCI, delayed cerebral ischemia; EBI, Early Brain Injury; ERK1/2, Extra-
cellular signal-regulated protein kinases 1 and 2; ET-1, Endothelin-1; GABA, 
γ-aminobutyric acid; GFAP, Glial fibrillary acidic protein; Gln, Glutamine; GLT-
1, Glutamate Transporter-1; GSN, Gelsolin; HMGB1, High Mobility Group 
Box-1; HO-1, Heme-Oxygenase-1; HSP47/70, Heat Shock Protein 47/70; IBA-
1, ionized calcium-binding adapter molecule 1; IL-1α/1β/6/8/33, interleu-
kin-1α/1β/6/8/33; iNOS, inducible Nitric Oxide Synthase; KIR4.1, inwardly 
rectifying potassium channel; LCA, Leukocyte Common Antigen; MAPk, Mi-
togen activated protein kinase; mGluR5, metabotropic Glutamate Receptor 
5; MyD88, myeloid differentiation 88; NFκB, Nuclear Factor κB; Ngb, neuro-
globin; OPN, Osteopontin; p-p38MAPK, phosphorylated p38 Mitogen-acti-
vated protein kinase; Pk-Cα, Protein Kinase Cα; RAGE, Receptor for Advanced 
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Glycation End products; SAH, subarachnoid hemorrhage; SENP3, SUMO1/
Sentrin/SMT3 Specific Peptidase 3; TGF-β, Transforming Growth Factor β; 
TLR4, Toll-Like Receptor 4.

1. Introduction
Subarachnoid hemorrhage (SAH) from a ruptured aneurysm is a subtype of 
stroke that occurs in relatively young patients (median age around 55 years 
of age) and has high rates of case fatality and morbidity [138]. The most 
important determinants of poor functional outcome after aneurysmal SAH 
are Early Brain Injury (EBI) in the first 72 hours after the SAH, rebleeding of 
the aneurysm, and Delayed Cerebral Ischemia (DCI) 4 to 14 days after ictus. 
Many survivors, even those with good functional outcome, have cognitive 
impairment in the long-term. Since the pathogenesis of EBI, DCI and cog-
nitive impairment remains unclear, no effective treatments are available to 
improve outcome. These data also stress the need to focus on other patho-
genic processes that might be involved, such as reactive gliosis.
Reactive gliosis is a broad term, used for the acute response of astrocytes 
and microglia to a central nervous system injury, but also for the chronic 
reactivity state of these cells in neurodegenerative diseases. Classically re-
active gliosis is seen as a scarring response, but this needs readjustment. 
Currently, reactive gliosis is recognized as a context dependent spectrum of 
heterogeneous multi-cellular responses [125]. Recent developments in glia 
biology have revealed that glial cells are versatile, they control the microcir-
culatory blood flow in the brain, contribute to synaptic plasticity by pruning 
and modifying synapses, and are actively involved in neuronal communica-
tion. The sustained activation state of astrocytes and microglia, which is a 
form of mild reactive gliosis after brain damage or during a degenerative 
disease, emerges as a contributing factor to cognitive decline [11,28,37,42].
Activation of astrocytes and microglia has also been implicated to be involved 
in vasospasm, microcirculatory vasoconstriction, edema, cortical spreading 
depression, and neuronal damage after SAH [40,53,120,149]. Therefore, re-
active gliosis might be an important cellular process in the development of 
complications and long-term sequelae after SAH. In recent years, both pre-
clinical and clinical studies have described the activation of glia induced by 
SAH. Here we review the literature on the glial response after SAH and its 
potential role in EBI, DCI and cognitive impairment after SAH. We performed 
a PubMed search on 13-07-2015 with the following search term: ((‘microg-
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lia[MeSH Terms]’ OR ‘microgli*[Title/Abstract]’ OR ‘astrocytes[MeSH Terms]’ 
OR ‘astrogli*[Title/Abstract]’ OR ‘astrocyt*[Title/Abstract]’) AND (‘subarach-
noid hemorrhage[MeSH Terms]’ OR ‘subarachnoid haemorrhage[Title/
Abstract]’ OR ‘subarachnoid bleeding[Title/Abstract]’)). We included all re-
search articles written in English that investigated an interaction between 
aneurysmal SAH and glial cells on a cellular and a molecular level in-vivo and 
ex-vivo. 

2. Subarachnoid hemorrhage
2.1 Subarachnoid hemorrhage: pathophysiology
World-wide the incidence of SAH is 6-7 per 100.000 people per year and 
the median age it occurs is 55 years [138]. The incidence increases with age 
and women have a 1.6 times higher risk than men. The case fatality rate is 
high: about 35% of SAH patients die, including the 10-15% of patients who 
die before reaching the hospital [84]. Of those who survive, one-third needs 
lifelong care [130]. SAH is a type of stroke characterized by the extravasa-
tion of blood into the subarachnoid space of the brain. SAH can be caused 
by trauma or occur spontaneously, by the rupture of an aneurysm. In this 
review we will focus on spontaneous aneurysmal SAH that account for 85% 
of SAH cases. The prevalence of intracranial aneurysms in the general adult 
population is approximately 3% [102]. Intracranial aneurysms are usually 
located at arterial branch points at the base of the brain, mostly at bifur-
cations at the circle of Willis (figure 1). The most characteristic symptom of 
aneurysmal SAH is an acute and severe headache or neck pain, which mostly 
peaks within a few seconds after bleeding. SAH causes an abrupt increase in 
intracranial pressure, which causes a decrease in blood perfusion pressure. 
Blood pressure increases to balance the perfusion pressure, however, this is 
often not sufficient. Accordingly, the brain receives insufficient blood supply 
to function. Therefore, patients often have a decreased level of conscious-
ness or focal neurological signs. These acute cerebral insults cause the onset 
of EBI [116].
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Figure 1. Cerebral arterial vasculature and predilection sites of intracranial aneurysms. 
Basal view of the brains arteries. Aneurysms arise most frequently at the bifurcation of the 
anterior communicating artery (AComA), the middle cerebral artery (MCA), the posterior 
communicating artery (PComA), the basilar artery (BA), and the posterior inferior cerebellar 
artery (PICA). Insert: In case of a ruptured aneurysm, blood flows into the subarachnoid 
space, causing increased intracranial pressure, reduced blood perfusion pressure, and re-
duced cerebral blood flow. Red color in the arteries indicates common locations of aneu-
rysms, green color in the arteries indicates rare locations of aneurysms. ACA, anterior cere-
bral artery; ICA, Internal carotid artery; PCA, posterior cerebral artery.

2.3 Early brain injury
EBI is supposed to result from increased intracranial pressure, acute hydro-
cephalus, microvascular alterations, platelet aggregation, acute vasospasm, 
and reperfusion injury [8,117-119]. SAH also induces an increase in pro-in-
flammatory cytokines and reactive oxygen species and contributes to cell 
death of neurons, astrocytes, oligodendrocytes and endothelial cells [116]. 
Global cerebral edema occurs during the first 24 hours after ictus [20]. Endo-
thelin-1 and nitric oxide can induce microcirculatory vasoconstriction [116], 
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which occurs in 70% of the arterioles within the first three days after SAH 
[30]. Moreover, microthrombi occlude arterioles, and are also evident within 
the first three days [30]. Reactive gliosis is involved in several of the mech-
anisms contributing to EBI. Their potential role in these mechanisms will be 
discussed in sections 3 and 4.

2.4 Delayed cerebral ischemia
DCI occurs in about 30% of surviving SAH patients [13,142]. These patients 
develop uni- or multifocal areas of ischemia, which are not limited to the ar-
terial supply or border zone territories. Clinical symptoms include focal neu-
rological deficits and reduced level of consciousness with a gradual onset. 
The pathogenesis of DCI is not completely understood. Traditionally, arte-
rial narrowing (‘vasospasm’) in the circle of Willis was considered to be the 
cause of DCI, even to such an extent that the term vasospasm was used as 
a synonym for DCI. Recent studies suggest that this is a too simplistic view 
[69]. Several factors have now been implicated in DCI pathogenesis, includ-
ing blood brain barrier (BBB) damage, impaired cerebral autoregulation, 
neuroinflammation, microvascular spasms, microthrombosis, and cortical 
spreading depressions [13]. However, none of these processes can induce 
DCI by itself. The current view is that the pathogenesis of DCI is multifactorial 
[24,93,141,154]. Since reactive gliosis is involved in several of the described 
mechanisms, it may be an interesting target for intervention. In this review, 
we will discuss the role of glia activation in the factors associated with the 
onset of DCI (see section 3 and 4).

2.5 Cognitive impairment
Cognitive impairment is present in about a third of the surviving SAH pa-
tients [1,22,104]. Cognitive domains that are most often affected include vi-
sual memory, verbal memory, reaction time, executive function, visuospatial 
function, and language function [77]. Cognitive impairment can remain for 
many years after the hemorrhage and reduce quality of life. These cognitive 
impairments also occur in patients who have made a good physical recov-
ery and have regained independence in daily life. Cognitive impairment after 
SAH is associated with the severity of the hemorrhage indicated by the state 
of the patient at hospitalization, older age, fewer years of education, and 
aneurysms in the anterior circulation [41,60]. We propose that sustained 
reactive gliosis can contribute to the cognitive impairment after SAH (see 
paragraphs 5.1 and 5.2). 
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3. Microglia and their response in SAH
Microglia, the immune cells in the CNS, reside in the parenchyma of the 
brain where they scan their environment for unwanted infiltrating cells, the 
presence of aggregated proteins, or injury. Upon activation, they rapidly 
change to phagocytose any unwanted particles and release pro-inflamma-
tion cytokines to facilitate an immune response [50]. In recent years, mi-
croglia have been implicated to be more than the immune cells of the brain. 
Besides the pro-inflammatory response, microglia also possess neuroprotec-
tive properties, helping to restore the brain after injury [83]. Furthermore, in 
the healthy brain, microglia are never resting [85]. They have a ramified mor-
phology with long processes that interact with both neurons and astrocytes. 
In the quadripartite synapse (consisting of the neuronal presynaptic termi-
nal, the postsynaptic dendritic spine, the perisynaptic astrocyte processes, 
and microglial processes), microglia are actively involved in modulating neu-
ronal circuitry [112]. They eliminate synapses by phagocytosis of comple-
ment component C1q and C3 positive synapses [129]. Moreover, microglia 
respond to neurotransmitters, which changes their activity [29]. Contrary to 
the elimination of synapses, microglia are also regulating the maturation of 
synapses [92,103]. Finally, microglia are involved in neurogenesis in the hip-
pocampus [31]. 

3.1 Inflammatory response 
Microglia respond to SAH in several ways. The cellular and molecular chang-
es in microglia after SAH are summarized in table 1 and figure 2. They 
turn into activated microglia having a morphology with shorter processes 
[96], suggesting a phenotype that is associated with macrophage-like cells 
[124,148]. Microglial response described in human SAH studies is very limit-
ed. The phagocytic marker CD68 expression has been investigated in human 
post mortem tissue samples [115]. CD68 positive microglia are increased 
between 5 to 15 days after ictus in patients with SAH [115]. Furthermore, 
several neuroprotective (Interleukin (IL)-10) and pro-inflammatory cytokines 
(IL-1β, IL-6, IL-8, TNFα) are all increased after 7 days in the cerebrospinal flu-
id (CSF) of patients [114]. However, the majority of studies investigating the 
microglial response is performed in animal models (for references see table 
1 and box 1). Microglia start a sustained expression of pro-inflammatory cy-
tokines [115,121]. The pro-inflammatory cytokine and transcription factor 
high-mobility group box 1 protein (HMGB1) is upregulated in microglia, in 
the parenchyma of the brainstem, the hippocampus and the cortex [82,132]. 
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This suggests that the activation of microglia is diffuse, causing a systemic 
response in the brain. HMGB1 expression contributes to brain injury as it fur-
ther activates other microglia to express IL-1β and Toll-like receptor 4 (TLR4). 
Indeed, TLR4 is abundantly expressed by microglia after SAH [63,157], but 
this could also be triggered by the blood metabolite methemoglobin [63]. 
Since in TLR4 knock out mice the occurrence of vasospasm and neuronal 
death is reduced, it is conceivable that microglial activation contributes to 
these SAH induced processes [40]. The expression of receptor for advanced 
glycation (RAGE) and myeloid differentiation 88 (MyD88) is upregulated in 
microglia after SAH. Both proteins are associated with the pro-inflammation 
response [65,131]. Major cytokines in this response are microglia-derived 
Tumor Necrosis Factor alpha (TNF-α), IL-1β, IL-6, and IL-8 [115]. These cyto-
kines contribute to apoptosis in neurons [43]. The upregulation of IL-33 after 
SAH in neurons and astrocytes is positively associated with secretion of IL-1 
by microglia [33,47]. This suggests that microglia activate astrocytes in SAH. 
Ablation of microglia, by ganciclovir activation of a suicide gene (HSVTK) driv-
en by the CD11b promotor, results in a significant reduction of apoptotic 
neurons after SAH [115]. Activated microglia contribute to neuronal damage 
after SAH, but it requires further investigation whether this is an acute or a 
sustained response.
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Figure 2. Current knowledge of the changes in microglia after SAH. In the non-injured brain 
quiescent microglia have a ramified morphology. The motile microglia processes are in close 
contact with synapses and astrocyte processes and scan the brain parenchyma for injured 
cells, possible intruders, and danger signals. SAH leads to a response in microglia to the 
brain injury and to the blood clot. In brain areas where these cells are triggered to phago-
cytose injured cells, they adapt an amoeboid morphology, and the microglia will highly ex-
press the phagocytic marker CD68. The microglia start expressing neuroprotective cytokines 
or can engage in a pro-inflammatory response. These are two extremes of a spectrum, and 
it is likely that several microglia with in-between phenotypes can be found in brain tissue 
after SAH. HO-1 helps with clearance of the blood clot. HMGB1, High Mobility Group Box-
1; HO-1, Heme-Oxygenase-1; HSP47/70, Heat Shock Protein 47/70; IL-1α/1β/6/8, interleu-
kin-1α/1β/6/8; iNOS, inducible Nitric Oxide Synthase; LCA, Leukocyte Common Antigen; 
MAPk, Mitogen activated protein kinase; MetHb, Methemoglobin; mGluR5, metabotropic 
Glutamate Receptor 5; myD88, myeloid differentiation 88; Ngb, neuroglobin; NFkB, Nuclear 
Factor κB; OxyHb, Oxyhemoglobin; RAGE, Receptor for Advanced Glycation End products; 
SAH, subarachnoid hemorrhage; TLR4, Toll-Like Receptor 4; TNF-α, Tumor Necrosis Factor-α.
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3.2 Neuroprotective properties
The activation of microglia also leads to the expression of several neuropro-
tective proteins (figure 2). Microglia upregulate the metabotropic Glutamate 
Receptor 5 (mGluR5) after SAH in rats. Treatment with mGluR5 agonists lim-
its brain injury by reducing the production of pro-inflammatory cytokines, 
subsequently reducing neuronal apoptosis and reduced edema [158]. The 
mechanism by which mGluR5 activation reduces the inflammatory response 
is still unknown. SAH activated microglia also express neuroglobin (Ngb), 
which protects neurons by reducing oxidative stress [66]. Another neuro-
protective factor that is upregulated in microglia is heme-oxygenase (HO), 
which is induced by the presence of heme in the subarachnoid space. HO-1 
is a stress response protein that metabolizes heme into biliverdin, Fe2+, and 
carbon monoxide (CO). Microglial HO production is not only elevated in the 
vicinity of the hemorrhage, but also throughout the brain [75]. That HO-ex-
pression is neuroprotective was clearly shown in a study in which HO-1 ex-
pression in microglia was knocked out. SAH in these mice led to impaired 
phagocytosis, increased blood clot volume, increased neuronal injury, and 
cognitive impairment, as observed by a decrease in spatial memory [114]. 

3.3 Complement components
The complement system is involved in the initial inflammation reaction af-
ter SAH [70]. Complement components, such as C3a and C5a are upregulat-
ed after SAH and CSF levels of these complement components have been 
correlated to functional outcome [49,71,89]. In addition, the microglial C3 
receptor CD11b/CD18 is activated by fibrin, a coagulation factor involved 
in the formation of (micro)thrombi [21,105]. Fibrin is found diffusely in the 
brain of SAH patients [141]. The expression of the C1q and C3 receptors is 
involved in pruning of synapses during development [128]. This complement 
activated pruning can also occur after brain injury and can be induced by 
activation of microglia by LPS in adult mouse brains [57]. SAH causes loss of 
synapses in rats and complement factors are increased, thus suggesting a po-
tential involvement of microglial pruning [39]. As microglia remain activated 
for several weeks after SAH, excessive pruning by activated microglia may 
therefore cause disruption in neuronal circuitry and may be detrimental for 
cognitive functions. In the complement cascade, C5 is cleaved into C5a and 
C5b. C5a causes smooth muscle contraction, suggesting a role in vasospasm. 
C5b forms, together with C6 to C9, the complement membrane attack com-
plex (MAC), which causes cell death by dysregulation of the membrane of 
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the cell. In SAH, MAC is upregulated 3 days after ictus, causing brain edema 
[156]. Taken together, activation of the complement cascade after SAH po-
tentially has a detrimental effect on the brain and might be involved in the 
pathogenesis of both DCI and cognitive impairment.

3.4 The origin of the activated microglia cells
The initial immune response of infiltrating leukocytes is an important aspect 
of the pathogenic response after and SAH. Upon rupture of an aneurysm, 
blood flows into the subarachnoid space, which is normally filled with ce-
rebrospinal fluid. Hemoglobin from erythrolysis initiates an inflammato-
ry response that activates endothelial cells of cerebral arteries to produce 
cell adhesion molecules, in particular endothelial (E)-selectin. Interaction of 
E-selectins and monocytes allows for the infiltration of these cells to blood 
in the subarachnoid space. Macrophages then remove the debris from the 
CSF and are actively involved in the initial inflammation response [18,81]. 
Iba-1 expression is increased in the brain, suggesting an increase of Iba-1 
positive cells, either by proliferation or migration in the brain [82]. Thus, the 
increase in Iba-1, CD68 and CD11b positive cells after SAH might both reflect 
the proliferation of microglia in situ, but also the recruitment of peripheral 
macrophages, as these markers express in both cell types. In a recent study, 
it was shown that the majority of the Iba-1/CD68/CD11b positive cells in the 
parenchymal brain tissue are microglia and not infiltrated peripheral mono-
cytes [115]. The increase in Iba-1 positive cells is therefore likely a result of 
microglial proliferation. Although monocytes play a role in the initial inflam-
mation after SAH, microglia remain activated for a prolonged period, poten-
tially causing long-term sequelae.

4. Astrocytes and their response in SAH
Astrocytes are present in all regions of the CNS [126]. Astrocytes make nu-
merous contacts with blood vessels through their perivascular endfeet. In 
addition, astrocytes contact neurons on either their cell bodies, synapses 
or the axons [3]. With their thin processes, they closely enwrap synapses, 
forming the tripartite synapse [4]. A single astrocyte in rodents can contact 
about 100,000 synapses, and human astrocytes even up to 2 million [86]. 
Astrocytes are connected to each other with gap junctions, through which 
cell signaling molecules can be propagated, causing Ca2+ waves and enabling 
astrocytes to communicate with each other [37].
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Astrocytes perform several functions in healthy CNS. First, they influence the 
microvasculature by regulating vessel contraction with their endfeet that are 
close to the pericytes in the neurovascular unit [5]. The endfeet take up glu-
cose, and release vasodilating and vasoconstricting factors. They do so in 
combination with keeping a balanced K+ concentration and by the produc-
tion of arachidonic acid metabolites EET, lactate, PGE2, or 20HETE [72]. As a 
result, astrocytes contribute to the regulation of microvascular blood flow. 
As astrocytes are also in contact with neurons, they are perfectly positioned 
to regulate blood flow according to local neuronal activity and metabolic 
demands. Astrocytic endfeet are close to the BBB, which is formed by endo-
thelial cells and pericytes. The endothelial cells form tight junctions and are 
surrounded by a basal lamina. The BBB restricts the diffusion of molecules 
from the systemic circulation into the brain tissue. The astrocytes are im-
portant in the induction of barrier properties in cerebral endothelium [126].
Finally, astrocytes have multiple homeostatic functions in the brain [143], 
they express the water channel aquaporin 4 (AQP4) and transporters for K+ 
and H+, in order to regulate the ion, pH, and fluid balance. Astrocytes also 
control the level of neurotransmitters, as they clear the neurotransmitters 
glutamate, gamma-aminobutyric acid (GABA), and glycine from the synap-
tic cleft via transporters. The astrocyte specific enzyme glutamine synthe-
tase converts the glutamate taken up from the synaptic cleft into glutamine, 
which is then transported back to neurons where it is used to form de novo 
glutamate and GABA [143]. In addition to maintaining homeostasis in the 
synapse, astrocytes have also been shown to actively modulate synaptic 
transmission by releasing gliotransmitters, such as glutamate, adenosine 
triphosphate (ATP), adenosine, GABA, and D-serine. This release occurs in 
response to synaptic activity and can lead to either an increase or decrease 
in neuronal activity. In this way, astrocytes contribute directly to neurotrans-
mission [4]. However, there is still some controversy surrounding the involve-
ment of astrocytes in synaptic transmission [123]. 

4.1 Astrocytes – reactive gliosis 
Astrocytes respond to a chronic degenerative disease or to acute brain in-
jury by becoming reactive. The reactive astrocytes are part of a multicellu-
lar response, which is collectively called reactive gliosis. It is important to 
describe the exact nature of this response in the disease context, as it has 
many faces [16]. After acute brain injury, astrocytes form a scar around the 
damaged area, which provides a barrier between the injured and healthy 
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brain tissue [125]. On the other end of the spectrum, a chronic response 
of astrocytes will affect neuronal functioning, as they upregulate immune 
genes and downregulate neuron support genes [88]. Clearly, the function of 
astrocytes changes when they become reactive, although the exact nature of 
this change is not fully known yet and is most likely disease dependent [88]. 
For example, astrocytes respond differently to inflammation and to stroke 
[155]. A major problem in any type of brain injury is neuronal cell death. 
The astrocytic response to brain injury can have both positive and negative 
consequences on neuron survival [17,26]. It is likely that activation of distinct 
pathways lead to beneficial or detrimental consequences [12,45,87]. After 
SAH, the astrocytic pathways leading to either neural protection or to the 
death of neurons have not yet been elucidated. However, in SAH, the robust-
ness of initial response of the astrocytes seems to correlate with the severity 
of the hemorrhage [59]. Several SAH induced changes in the expression of 
astrocyte genes have been reported and are summarized in table 2. Most of 
these changes can lead to functional consequences in the astrocytic perivas-
cular endfeet and the perisynaptic processes, as summarized in figure 3. 
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< Figure 3. Current knowledge of the molecular and cellular changes in astrocytes after 
SAH. At the perivascular end feet, SAH causes inversed neurovascular coupling and edema. 
At the perisynaptic processes, glutamate clearance is decreased, possibly causing impaired 
synaptic transmission. Triangles up at the soma represent increased levels, triangle down 
represents reduced levels of the indicated mRNAs or proteins. AQP1/4, Aquaporin 1/4; BBB, 
Blood Brain Barrier; BK, Large conductance potassium channels; Caspase-3, cleaved Caspase 
3, apoptosis marker; ET-1, Endothelin-1; GFAP, Glial fibrillary acidic protein; GS, Glutamine 
Synthetase; GLT-1, Glutamate Transporter-1; HMGB1, High Mobility Group Box-1; HO-1, 
Heme-Oxygenase-1; HSP70, Heat Shock Protein 70; KIR4.1, inwardly rectifying potassium 
channel; MyD88, myeloid differentiation 88; NFκB, Nuclear Factor κB; Pk-Cα, Protein Kinase 
Cα; TNF-α, Tumor Necrosis Factor-α. 

Glial fibrillary acidic protein (GFAP) is an astrocyte specific intermediate fil-
ament protein that is highly upregulated in reactive astrocytes after SAH 
[67,82,99,133,152,153]. Increased GFAP expression is more evident at the 
site of the hemorrhage, but an increase is also observed in scattered astro-
cytes further away from the insult area. This is likely to occur through release 
of platelet-derived growth factor (PDGF) by platelets present in the blood 
clot, which diffuses into the brain parenchyma [153]. Astrocytes start to ex-
press HO-1 and Heat Shock Protein 70 (HSP70) after SAH [136]. The upregu-
lation of HO-1 is spread over the brain, further indicating that the astrocyte 
response is not only close to the bleeding but is diffuse throughout the grey 
matter. Furthermore, reactive oxygen species (ROS) can be formed from oxy-
hemoglobin in the extravasated blood, and this can also lead to a response in 
astrocytes [73]. Reactive astrocytes, based on an increased GFAP expression, 
are also found in areas more distally from the bleeding, suggesting that the 
blood clot is not the only factor that activates astrocytes. Another trigger can 
be the acute reduction in cerebral blood flow that follows SAH. This leads to 
ischemia, which in turn can lead to a response in astrocytes to compensate 
for the lack of energy resulting in gliosis [100]. Furthermore, SAH leads to an 
increase in fibrin in the brain’s capillaries where it is involved in microthrom-
bosis. Fibrin binds to astrocytes and can induce glial scar formation through 
the Transforming Growth Factor β (TGF-β)/Smad signaling pathway [111]. 
This response is also likely to occur at the microscale around capillaries with 
thrombi. 

4.2 Inflammatory response
Astrocytes contribute to the inflammatory response, as they, just as microg-
lia do, start to produce the pro-inflammatory cytokine TNF-α after SAH [73]. 
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Moreover, in an in-vitro model it has been shown that exposing cultured 
astrocytes to oxyhemoglobin induces the expression of pro-inflammatory 
cytokines TNF-α, IL-1β, IL-6 and matrix metallopeptidase 9 (MMP9) [91]. 
Furthermore, MyD88, which is expressed in astrocytes after SAH, can regu-
late the inflammatory response [6,131]. In addition, IL-33 is upregulated in 
astrocytes, which is associated with an increase in the secretion of IL-1 by 
microglia [33,47]. Taken together, there are indications that astrocytes are 
involved in the inflammatory response after SAH. 

4.3 Neurotoxicity
Glutamate toxicity is a common phenomenon after SAH [67,158]. In phys-
iological conditions, astrocytes clear intracellular glutamate through gluta-
mate transporters and metabolize extensive glutamate into glutamine with 
the use of glutamine synthetase. One of the causes of glutamate toxicity 
is that in reactive astrocytes, the glutamate transporter 1 (GLT-1; EAAT2) is 
downregulated and thus is less able to clear glutamate from the synaptic 
cleft [27,61,67]. Indeed, GLT-1 is also downregulated after SAH and this can 
contribute to the neuronal damage [9,158]. In astrocytes, glutamine synthe-
tase metabolizes glutamate into glutamine, a substrate that is used in neu-
rons to produce glutamate and GABA. In humans, microdialysis after SAH 
revealed failing glutamine synthesis during energy crisis, presumably caused 
by ischemic events. Failing glutamine synthesis results in high interstitial glu-
tamate concentration [108-110]. Another possibility of increased glutamate 
levels is the release of glutamate by blood platelets, as seen after SAH [9]. 
Platelets are activated in the process of microthrombi formation and are a 
source of glutamate that can exceed a local extracellular concentration of 
300 µM that can be toxic to neurons [9]. When astrocytes are unable to clear 
the increased levels of glutamate because of the downregulation of gluta-
mate transporters, it may lead to glutamate toxicity after SAH. 

4.4 Edema, vasospasm and BBB breakdown
Edema is a severe complication after SAH [20]. Astrocytes regulate the water 
homeostasis of the brain by aquaporin-1 (AQP1) and aquaporin-4 (AQP4) 
[90,122]. In SAH patients, both AQP1 and AQP4 are upregulated [7]. Follow-
ing SAH in a rat, the gene expression of AQP4 is increased and of the in-
wardly rectifying potassium channels KIR 4.1 is decreased at the astrocytic 
perivascular endfeet [149]. Astrocytes swell due to the impaired AQP4 and 
KIR4.1 channel expression by the increasing uptake of water, which can lead 
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to cytotoxic edema [149]. 
Vasospasm of the major intracranial arteries may occur within 3 days after 
SAH but peaks at day 6 to 8 [69]. Endothelin-1 (ET-1) is a protein that is asso-
ciated with vasospasm [147]. It enables the endothelial cells to upregulate 
adhesion molecules on their membrane by which they interact with leuko-
cytes. After SAH, ET-1 is also expressed in astrocytes and its expression is as-
sociated with worse outcome in mice [152]. Targeted overexpression of ET-1 
in astrocytes leads to more vasospasm and mortality in experimental SAH. 
The astrocytic ET-1 can bind to two receptors, ET-R-a and ET-R-b1. After SAH, 
ET-R-a expression is increased, leading to an increase in PKC-α levels, causing 
disruption of K+ channels [152,153]. This leads to vasoconstriction and may 
contribute to DCI. However, DCI can also develop without vasospasm and 
vasospasm not always leads to DCI [101]. Moreover, the use of ET-1 receptor 
antagonists in clinical trials reduced the risk of vasospasm but did not affect 
DCI and functional outcome [139], which implies that the pathogenesis of 
DCI is multifactorial. 
Astrocytes cover the microvasculature with the endfeet. Reactive astrocytes 
start to express osteopontin three days after SAH, which is known to reduce 
BBB breakdown. Therefore, reactive astrocytes seem to protect the BBB af-
ter SAH [133], although more evidence is needed to be able to draw this 
conclusion.

4.5 Microcirculatory vasoconstriction
Together with the astrocytic ET-1 expression after SAH and its associated va-
sospasm in basal arteries, astrogliosis after SAH can also have a persistent 
effect on the regulation of microcirculatory blood flow. SAH leads to a dys-
regulation of several ion channels on astrocytic endfeet, which results in 
vasoconstriction [53]. The change in the astrocytic K+ channel (KIR4.1) not 
only has an effect on the water balance, but also leads to reversed neuro-
vascular coupling due to the impaired K+ balance at the perivascular space 
[53]. Astrocytes react to neuronal activity by adjusting the K+ concentrations 
in the perivascular space. There, K+ affects smooth muscle cells constriction 
because of a depolarizing shift in the K+ equilibrium potential and activation 
of voltage-dependent Ca2+ channels on the smooth muscle cells. This leads 
to dilation or constriction of arterioles, dependent on the perivascular K+ 
concentrations. In SAH, K+ homeostasis is impaired, likely caused by impaired 
astrocytic intracellular Ca2+ signaling and their associated response on Ca2+ 
activated Big Potassium (BK) channels [53]. During physiological conditions, 
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neuronal activity leads to dilation of the arterioles, providing more nutri-
tion. After SAH, it leads to vasoconstriction. Whereas active neurons need 
more nutrition, vasoconstriction after neuronal activity leads to ischemia. 
Although the exact mechanism leading to reverse neurovascular coupling is 
not clear, it has been shown that Ca2+-permeable Transient Receptor Poten-
tial Vanilloid 4 (TRPV4) channels at the astrocytic endfeet are not responsible 
for the impaired Ca2+ oscillations and inversion of neurovascular coupling af-
ter SAH [56]. In conclusion, through the mechanism of inversed neurovascu-
lar coupling, activated astrocytes can cause reduced blood flow, resulting in 
impaired nutrition delivery and ischemia after SAH.

4.6 Cortical Spreading Depression
Cortical Spreading depression (CSD) starts when a minimum critical volume 
of brain tissue is simultaneously depolarized. This leads to prolonged sup-
pression of neuronal activity. CSD is well described after SAH in both animal 
models as well as in humans [23,24,94,146]. Astrocytes are key players in the 
onset of CSD and therefore reactive astrocytes could potentially be involved 
in CSD after SAH [55,95]. Impaired K+ and glutamate clearance by astrocytes 
cause propagation of the spreading depolarization. Extracellular K+ and glu-
tamate depolarize neurons, causing more K+ and glutamate excretion in 
neighboring neurons and SD slowly propagates in grey matter. As discussed 
above, both glutamate and K+ concentrations are increased in SAH, due to 
changes in ion channels at the perivascular endfeet of astrocytes and there-
fore this may contribute to the onset of CSD [53,55]. Moreover, AQP4 reg-
ulates the frequency and velocity of CSD [151] and AQP4 expression is also 
increased after SAH. ET-1 is also implicated to induce CSD [48]. As described 
above, astrocytic production of ET-1 is upregulated after SAH. In addition, 
ET-1 induces Ca2+ responses in the processes of astrocytes by activation of 
Gq protein–coupled endothelin receptors [127]. These Ca2+ responses may 
result in many processes, including propagation through gap junctions, lead-
ing to Ca2+ oscillations, impaired K+ balance and the release gliotransmitters 
[51]. In conclusion, these changes in expression in astrocytes may lead to 
more CSD events after SAH.

5. Contribution of the glial response to cognitive impairment after SAH
Evidence is emerging that both microglia activation and reactive astrocytes 
can affect neuronal communication, and therefore can contribute to cogni-
tive impairment. 
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5.1 Microglia
Microglia are actively involved in the maintenance of the neuronal circuit-
ry, both in the healthy and diseased brain [113]. Activated microglia release 
many pro-inflammatory cytokines, which can induce apoptosis in neurons. 
This leads to an impairment of the neuronal circuitry and can contribute to 
a decline in cognitive functions. With their processes, the microglia monitor 
their environment and interact with synapses and other cellular compart-
ments. The pruning of neuronal dendritic spines by microglia is induced by 
astrocytic release of TGF-β, which results in an increase of the complement 
component C1q on the plasma membrane of synapses [10,129]. The sur-
veilling microglia interact with these C1q positive synapses with the com-
plement receptors present on their processes. Microglial contact modulates 
the size of the synapses, thus altering the neuronal circuitry [135]. By doing 
so, the microglia participate in the quadripartite synapse [112]. The microg-
lia-related pruning of synapses is an active process during development in 
the healthy brain, however, it is also implicated to occur in neurodegenera-
tive diseases, such as Multiple Sclerosis [79]. Excessive pruning of synapses 
can be a pathological process and may impair neuronal circuitry, thereby 
affecting memory and other cognitive functions. Whether excessive pruning 
by microglia occurs in SAH brains is unknown. However, SAH can cause a 
loss of synapses, without detectable neuronal loss [39]. This suggests that 
synapses are actively eliminated. Furthermore, SAH causes complement cas-
cade activation [49,71,89]. Taken together, these data suggest a possible role 
for microglia in the elimination of synapses after SAH. This process could 
contribute to cognitive impairment after SAH. 

5.2 Astrocytes
Astrocytes have been implicated to modulate the synapse in several ways. As-
trocytes are involved in the elimination of synapses with the use of MEGF10 
and MERTK phagocytic pathways [19]. Moreover, astrocytes are part of the 
tripartite synapse and as such can modulate synaptic transmission [4]. As-
trocytes can respond to synaptic released neurotransmitters such as canna-
binoids, which are involved in long-term depression in synapses, and alter 
working memory in mice [38]. Astrocytes can also regulate synaptic plasticity 
by the release of the gliotransmitters D-serine, glutamate, ATP/adenosine, 
and γ-amino-butyric acid (GABA) [38,44,64]. It remains to be investigated 
whether SAH alters these modulatory capacities of astrocytes. However, SAH 
causes a decrease in GLT-1 and KIR4.1, leading to excitotoxicity and changes 
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in neurovascular coupling (see also section 4). Moreover, astrocytes respond 
differently to electrical field stimulation after SAH [53,109,152]. Disruption of 
Ca2+ balance causes impaired synaptic transmission [52]. Endothelin-1, abun-
dantly expressed after SAH, causes Ca2+ waves in astrocytic microdomains 
[127,152]. Ca2+ is an important second messenger for many astrocytic pro-
cesses, including the release of gliotransmitters. In Huntington disease, de-
creased KIR4.1 expression in astrocytes contributes to neuronal dysfunctions 
[134], and it is conceivable that the decreased KIR4.1 expression after SAH 
can also contribute to cognitive impairment. Finally, glutamine synthetase 
is downregulated during energy crisis after SAH. Failing glutamine synthesis 
results in high interstitial glutamate concentration [108-110]. Furthermore, 
it results in reduced glutamine in neurons, leading to reduced glutamate and 
GABA production and affects neuronal signaling [2]. These changes in astro-
cyte response may thus have an impact on the synaptic transmission. 
Taken together, the response of astrocytes induced by SAH can have a detri-
mental effect on normal brain functioning, and may contribute to cognitive 
impairment after SAH. Therapeutic intervention targeting reactive astrocytes 
may help to prevent cognitive impairment after SAH. Several of these ther-
apeutics have been proposed in preclinical studies and are discussed below.

5.3 Therapeutic intervention
Recovery after aneurysmal SAH is a long and highly variable process. Patients 
often continue to recover over months to years after SAH, but some patients 
fail to improve [32,145]. Presently, rehabilitation is the only treatment to 
stimulate recovery after SAH. Despite rehabilitation, many survivors are left 
cognitively impaired. Rehabilitation focuses on adaptation to cognitive im-
pairment, but does not reduce the underlying brain injury. There is a high 
need for new therapies that improve cognitive recovery in the long-term. As 
described above, glia response may affect neuronal circuitry and may con-
tribute to cognitive impairment after SAH. Therapeutic intervention or sup-
pression of the glial response may therefore help to prevent cognitive impair-
ment. Several therapeutics have been implicated to prevent or suppress glial 
response. The adenosine A3R agonist, 2-chloro-N6-(3-iodobenzyl)-adenos-
ine-5’-N-methyluronamide (CL-IB-MECA) reduces microglia activation and its 
production of pro-inflammation cytokines TNF-α and IL-1β [68]. The statin 
rosuvastatin reduces superoxide production, nuclear factor-kappa B (NF-ĸB) 
activation, and the increase in activated microglial cells after SAH. This leads 
to reduced neuronal death and reduced BBB breakdown [137]. Similar effects 
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have been found for Heparin and Apigenin [121,157]. In a preclinical study, 
recombinant ADAMTS-13 decreases microthrombosis and an attenuated mi-
croglia response in knock out mice of the same protein [140]. Opposed to 
the reduction of the inflammatory response, stimulating the neuroprotec-
tive properties of microglia might also be beneficial for the outcome of SAH. 
For example, mGluR5 agonists (RS)-2-chloro-5-hydroxyphenylglycine (CHPG) 
and the mGluR5 positive allosteric modulator N-Cyclobutyl-6-[2-(3-fluoro-
phenyl)ethynyl]-3-pyridinecarboxamide hydrochloride (VU0360172) reduce 
microglial production of pro-inflammatory cytokines IL-1β, IL-6 and TNF-α af-
ter SAH, resulting in reduced neuronal damage [158]. Preventing detrimental 
effects of reactive astrocytes is also possible. Baicalein attenuates glutamate 
toxicity by preserving GLT-1 expression in astrocytes [61]. Ceftriaxone and 
Rosiglitazone cause a similar effect [27,67]. Furthermore, pifithrin-α inhib-
its the transcription factor P53, which is associated with astrocyte reactivity 
[107]. Treatment with pifithrin-α after SAH results in recovered KIR4.1 and 
AQP4 expression in astrocytes and reduces edema [149]. The attenuation 
of brain damage after preventing or suppressing the response of microglia 
and astrocytes suggests a potential therapeutic window for treatment, to 
prevent the devastating complications after SAH.

6. Discussion and future directions
SAH is a severe medical emergency that often causes profound brain injury, 
both shortly after the hemorrhage (EBI), or at a later stage (DCI). Both mi-
croglia and astrocytes respond to the acute cerebral injury induced by SAH. 
Microglia start to produces inflammatory factors and can change into phago-
cytic-like cells [40,96]. Astrocytes become reactive [82], as shown by an in-
crease in the expression of the cytoskeletal intermediate filament proteins 
[46,80]. The SAH induced glia response, together with the initial infiltration of 
peripheral immune cells and the release of blood coagulation factors, might 
be an important modulator in the pathogenesis of EBI, DCI, and cognitive 
impairment. As glia are intrinsically associated with neuroprotective capa-
bilities, they are also potential targets for therapeutic interventions [15,52]. 
The number of studies describing the glial response in SAH patients is very 
limited. Microglial CD68 expression is increased in human post mortem brain 
samples [115], suggesting that these microglia are phagocytosing cell debris. 
However, this can also imply that these active microglia are pathologically 
pruning synapses, leading to a decline in neuronal functioning. Astrocytes re-
spond to SAH by a change in glutamate metabolism, and an increase in AQP1 
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and AQP4. Furthermore, spreading depolarization has been associated with 
reactive astrocytes after SAH [7,24,109]. This suggests a role for astrocytes 
in the development of edema and glutamate toxicity after SAH in humans. 
In SAH animal models, sustained glia reactivity is observed, and this chron-
ic response is likely to occur in SAH patients as well. Thus, both activated 
microglia and reactive astrocytes can potentially contribute to EBI, DCI and 
cognitive impairment after SAH.

Although most factors that contribute to the development of both early and 
delayed injury after SAH overlap, there is a clear distinction in the timing of 
EBI and DCI. In the first three days after SAH, EBI causes damage to the brain. 
Thereafter, even in patients without apparent neurological deficits during 
the first few days, DCI can occur. As described above, glia activation might 
contribute to most factors associated with EBI and DCI (section 3 and 4). 
Glia cells are activated from hours to up to at least 28 days after SAH (see 
table 1 and 2). However, studies investigating reactive gliosis and microglia 
activation longitudinally are very limited, and studies including time points 
after 28 days have not been reported. Recently, CD68 positive microglia were 
found to be increased, peaking at 5 to 15 days after SAH in humans [115]. 
This indicates that in humans, microglia are predominantly activated during 
the period in which DCI occurs. However, more research is needed to link 
glial contribution to either EBI or DCI.
To determine whether the glia response is causally related to cognitive im-
pairment, it is required to perform long-term follow-up studies in animal 
models. Presently, most studies investigating molecular, cellular, and be-
havioral changes after SAH only consider a relatively short period after the 
induction of the hemorrhage. The activation of microglia is present up to 
28 days and reactive astrocytes are observed to be present up to 21 days 
after SAH, as summarized in tables 1 and 2 [59,115]. However, it is unknown 
whether this activation sustains for a longer time. Glia activation starts with-
in hours after the hemorrhage, causing both neuroprotective and detrimen-
tal effects. The neuroprotective effects of activated glia seem to only occur in 
the first few days after the hemorrhage, while the detrimental effect contin-
ues to be present for a longer period [115,158]. This chronic and detrimental 
glia activation is likely to be involved in the cognitive impairment. However, 
it remains to be elucidated whether the neuroprotective effects are lost after 
the first few days after the hemorrhage.
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Conclusion
We gave an overview of the response of microglia and astrocytes induced 
by SAH. The initial glia activation is triggered by blood metabolites, such as 
oxyhemoglobin and methemoglobin, and coagulation factors, such as fibrin. 
This leads to a cascade of events including the production of pro-inflamma-
tory cytokines by infiltrating monocytes and activated microglia, impaired 
blood flow regulation, edema, BBB breakdown, neuro-axonal damage and 
apoptosis, vasospasm, spreading depolarization, and increased glutamate 
levels. The glia response is not only detrimental, as the production of HO-1 
and neuroglobin by microglia are neuroprotective, reducing brain damage 
and preventing cognitive impairment. Astrocytic osteopontin helps reducing 
BBB breakdown. There appears to be a temporal therapeutic window during 
which adequate treatment that enhances the protective effects and reduc-
es the detrimental effect of activated glia could help to reduce the damage 
following SAH. Indeed, preclinical studies show that therapeutics targeting 
the glia response have great potential in reducing neuronal damage and cog-
nitive impairment. Targeting the glia response may therefore be a promising 
novel therapeutic target to help to improve functional and cognitive out-
come of SAH patients.
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Box 1. Animal models for SAH
The case fatality rate in patients with SAH is high and limited treatment options are available to re-
duce brain damage after the hemorrhage. In order to investigate SAH pathophysiology and discover 
new therapeutic targets, suitable animal models are needed [58]. These models should mimic the 
human situation as closely as possible. Several species have been used in the past to mimic human 
SAH, including mice, rats, rabbits, dogs, and nonhuman primates [74]. Several techniques for the 
induction of experimental SAH exist, of which only three are frequently applied: endovascular vessel 
puncture, intracisternal blood injection, and blood clot placement. The choice of an animal model for 
SAH depends on the aim of the research and practical considerations. Furthermore, no animal model 
can mimic the complete pathophysiology of SAH [74]. 

Endovascular puncture
The endovascular puncture model is applied in mice and rats [74]. In this model, SAH is induced by 
insertion of a nylon filament into the external carotid artery, which is moved through the internal 
carotid artery until the circle of Willis is reached. The filament is then pushed through the vessel wall 
in order to puncture it [14]. The filament is removed as soon as possible, in order to limit the ischemic 
period, which serves to mimic the clinical situation as closely as possible.
The advantage of the endovascular puncture model is the resemblance of the induction method to 
the natural pathophysiology of SAH, since an artery at the circle of Willis is ruptured in the process 
and pressurized arterial blood flows into the subarachnoid space [35]. This is important for the devel-
opment of EBI and DCI. Furthermore, the histological changes observed in cerebral arteries in the en-
dovascular puncture model resemble the changes found in humans. An increase in the mean arterial 
blood pressure and intracranial pressure is observed in both humans and animals. The mortality rate 
in this model is high: up to 50% in the first 24 hours and the extent of the hemorrhage in this model 
shows a large variation, both aspects mimic the clinical situation [35,36].

Intracisternal blood injection
Intracisternal blood injection is used to simulate SAH in mice, rats, rabbits, dogs, and nonhuman 
primates [74]. In this model, blood is injected into a subarachnoid cistern, usually the cisterna mag-
na. Blood injection can be achieved by means of a surgical approach, involving insertion of a tube 
into the cistern, or by puncturing the cistern transcutaneously with a needle. The injected blood is 
usually autologous arterial blood, but autologous venous blood, allogenous arterial blood, and CSF 
and blood mixtures are also used. The method described above is the single- hemorrhage model. 
In the double-hemorrhage model, a second blood injection is given after either 24h or 48h. In the 
double-hemorrhage model, the time course of vasospasm is similar to that in humans, with maxi-
mum vasospasm present on day 7 after SAH induction [35,36]. Furthermore, vasospasm in the dou-
ble-hemorrhage model is more severe compared to other models. The histological changes found in 
the double-hemorrhage model are the same as in humans, although this also applies to the endo-
vascular and single-hemorrhage model. However, the changes are more consistent and severe in the 
double-hemorrhage model. 

Blood clot model
A third approach to study SAH in animals is the blood clot model [97]. This model is used in Cyno-
molgus monkeys. The arachnoid over the proximal portion of the middle cerebral artery (MCA) and 
the bifurcation of the internal carotid artery (ICA) is opened. There, the arteries are covered with 5 
ml of preclotted arterial blood after removal of 3 to 4 ml of cerebrospinal fluid. Thereafter, the dura 
is closed [25]. It is the most consistent model in mimicking development of vasospasm after SAH 
[78].
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Abstract
Previous studies showed that complement activation is associated with poor 
functional outcome after aneurysmal subarachnoid hemorrhage (SAH). We 
investigated whether complement activation is underlying brain injury after 
aneurysmal SAH (n=7) and if it is an appropriate treatment target. We inves-
tigated complement expression in brain tissue of aneurysmal SAH patients 
(n=930), and studied the role of common genetic variants in C3 and C5 genes 
in outcome. We analyzed plasma levels (n=229) to identify the functionality 
of a Single Nucleotide Polymorphism (SNP) associated with outcome. The 
time course of C5a levels was measured in plasma (n=31) and CSF (n=10). In 
an SAH mouse model, we studied the extent of microglia activation and cell 
death in wildtype mice, mice lacking the C5a receptor, and in mice treated 
with C5-specific antibodies (n=15 per group). Brain sections from aneurys-
mal SAH patients showed increased presence of complement components 
C1q and C3/C3b/iC3B compared to controls. The complement component 5 
(C5) SNP correlated with C5a plasma levels and poor disease outcome. Serial 
measurements in CSF revealed that C5a was >1400-fold increased 1 day after 
aneurysmal SAH and then gradually decreased. C5a in plasma was two-fold 
increased at days 3-10 after aneurysmal SAH. In the SAH mouse model, we 
observed a ≈40% reduction in both microglia activation and cell death in 
mice lacking the C5a receptor, and in mice treated with C5-specific antibod-
ies. These data show that C5 contributes to brain injury after experimental 
SAH, and support further study of C5-specific antibodies as novel treatment 
option to reduce brain injury and improve prognosis after aneurysmal SAH. 

Key Words
Aneurysmal subarachnoid hemorrhage; complement system; brain injury.
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Introduction
Aneurysmal SAH is a devastating subtype of stroke, caused by rupture of 
an aneurysm of an intracranial artery in the subarachnoid space. Although 
the prognosis after aneurysmal SAH has improved over the last decades, 90-
day case-fatality is still around 30% in hospital-based studies [1]. The most 
important determinant of poor functional outcome after aneurysmal SAH is 
early brain injury directly related to the initial bleeding [1,2]. Other major de-
terminants of poor functional outcome are rebleeding of the aneurysm and 
delayed cerebral ischemia, which may occur 4-14 days after the initial hae-
morrhage [1,3]. No treatment exists for early brain injury, while the effect 
of calcium antagonist nimodipine in preventing delayed cerebral ischemia 
is only modest [4]. Therefore, new treatment options are needed to reduce 
brain injury after SAH. 

Poor functional outcome after SAH can partially be predicted using models 
that include factors such as age, World Federation of Neurological Surgeons 
(WFNS) scale at admission, and premorbid history of hypertension [5]. How-
ever, these models do not take into account the inflammatory response af-
ter SAH, which is considered to play a key role in the pathogenesis of early 
brain injury and delayed cerebral ischemia after aneurysmal SAH [6,7]. The 
inflammatory response after SAH is independently associated with poor clin-
ical condition on admission, delayed cerebral ischemia, disability, and death 
[6,8,9]. The inflammatory response in the brain is reflected by the activation 
of microglia and astrocytes [10]. The complement system may be a major 
component of this acute injury induced neuroinflammation after aneurys-
mal SAH. The classical pathway of the complement system is initiated by 
C1q, which then activates a cascade of other soluble or membrane bound 
proteins. Activation of the complement system leads to the cleavage of C5, 
resulting in C5a and the lytic C5b-9 membrane attack complex. Anaphyla-
toxins C3a and C5a are important proinflammatory mediators and have the 
potential to produce vasoconstriction and activate coagulation by aggrega-
tion of platelets and regulation of tissue factor activity [11–15]. All these 
processes occur after aneurysmal SAH and are associated with early brain in-
jury and delayed cerebral ischemia [16–21]. Plasma levels of mannose-bind-
ing lectin, C3a and C5a early after SAH correlate with outcome at discharge 
[22,23]. Despite the observed associations between complement activation 
and measures of brain injury after SAH, it remains unclear if these are caus-
al relationships. If so, this would represent an appealing target to decrease 
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brain injury and improve prognosis after SAH. 

We investigated the role of complement activation after SAH. In an autopsy 
study, we examined local complement expression in brains of patients who 
died from aneurysmal SAH. We evaluated the association between common 
complement component polymorphisms and functional outcome and de-
layed cerebral ischemia, and elucidated the time-course of complement ac-
tivation in CSF and plasma after SAH using serial measurements. We then 
confirmed our results in a SAH mouse model and studied whether treatment 
with a C5-specific monoclonal antibody affects brain injury after SAH. 

Methods

Autopsy study
We used autopsy material from seven SAH patients (two males, five females, 
median age 56 years (range 34-77 years)) who died within 11 days after an-
eurysmal SAH. All patients had delayed cerebral ischemia [3]. We isolated 
cortical areas with both white and grey matter. From autopsy material from 
five control patients (three males, two females, median age 72 years (range 
52-75 years)) who died from non-neurological causes (myocardial infarction: 
n=3; heart failure: n=1; pulmonary embolism: n=1) we isolated correspond-
ing areas. Sections were stained with hematoxylin and eosin to distinguish 
infarcted from non-infarcted areas. For analysis, only non-infarcted areas 
were used. Complement component C1q acts as the initiating molecule in 
the classical pathway of the complement cascade, whereas C3b and iC3b are 
biologically active fragments of C3, a central molecule in the complement 
system. Deposition of C3/C3b/iC3b in the tissue indicates that the comple-
ment pathway reached a proinflammatory state [24]. We performed im-
munohistochemistry to investigate the presence of C1q (Polyclonal Rabbit, 
anti-human C1q complement, #F0254, DAKO, 1:200) and C3/C3b/iC3b (Poly-
clonal Rabbit, Anti-human C3c complement, #F0201, DAKO, 1:100). We were 
unable to evaluate the presence of C5a or C5b-9 (Membrane Attack Com-
plex), as these antibodies do not work on the paraffin embedded post-mor-
tem material. The immunohistochemistry of C1q and C3/C3b/iC3b on hu-
man brain sections resulted in heterogenous staining patterns, as shown in 
high magnification (100x) images in Supplementary Figure 1. Optical density 
measurements were used for quantitative assessments. Images were ana-
lyzed with FIJI software (ImageJ 2.0.0). After manually selecting the entire 
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non-infarcted area per brain slide, selections were automatically quantified, 
expressed as a mean total of -log transformed grey scales, to calculate a 
mean per patient. The investigators who analysed the immunohistochemis-
try images were blinded to the experimental group.

Genotyping study
The cohort of the genetic study consisted of 930 patients who were admitted 
between 1983 and 2011 to the University Medical Center Utrecht, the Neth-
erlands, which is a tertiary referral center for patients with SAH (Table 1). We 
used the University Medical Center Utrecht Subarachnoid Hemorrhage da-
tabase, which is a prospectively collected database of consecutive patients 
with confirmed SAH, to collect the following variables: age, sex, clinical con-
dition on admission according to the WFNS grading scale [25], aneurysm 
location, the occurrence of rebleeding and delayed cerebral ischemia, and 
functional outcome. After centrifugation of blood samples, the cell pellets 
were used to extract DNA for genotyping. The primary outcome was poor 
functional outcome, which was defined as a Glasgow Outcome Scale score 
of 1-3, three months after ictus [26]. Secondary outcome was clinical dete-
rioration due to delayed cerebral ischemia, for which we used the definition 
that was proposed by an international multidisciplinary research group [3]. 
The occurrence of rebleeding was recorded between admission and aneu-
rysm treatment, and defined as a sudden clinical deterioration with signs 
of increased hemorrhage on CT scan compared with previous CT imaging or 
found at autopsy, or a sudden clinical deterioration suspect for rebleeding 
with fresh blood in the ventricular drain in which no CT scan or autopsy was 
obtained. During collection of clinical data, the investigators were blinded for 
the results of genotyping.

Genotyping
The following common allele variants with a frequency of >5% were investi-
gated: C3 rs1047286, C3 rs2230199 and C5 rs17611. Genotyping was done 
using TaqMan SNP Genotyping Assays with the Lightcycler® 480. In case 
of unsuccessful genotyping of C5 rs17611, we used data from a previous 
Genome Wide Association Study, which partly included the same patients 
as in the present study [27]. Due to the supplementary Genome Wide Asso-
ciation Study data, genotype success rate for the C5 rs17611 SNP increased 
from 94.1% to 98.0%. Genotyping was performed on coded DNA samples, so 
clinical information remained unknown to the laboratory personnel. 
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Table 1. Patient characteristics. 
Cohort (N=930)

Median age (year, Interquartile range) 50 (43-59)

Female sex (number, %) 653 (70)

WFNS grading scale on admission (number/total, %)
   1 
   2 
   3 
   4 
   5 

481/905 (53)
188/905 (21)
60/905 (7)
115/905 (13)
61/905 (7)

Location of aneurysm in anterior circulation (number/total, %) 802/911 (88)

In-hospital complications (number/total, %)
Rebleeding 
Clinical deterioration due to Delayed cerebral ischemia 

125/914 (14)
174/913 (19)

Glasgow Outcome Scale Score at 3 months (%)
1. Death 
2. Vegetative state 
3. Severe disability 
4. Moderate disability 
5. Good recovery 

73 (8) 
4 (0) 
112 (12)
 224 (24) 
517 (56)

C5a levels in plasma of genotyped patients
To determine the relationship between the C5 rs17611 SNP and C5a levels 
in plasma, we used plasma samples in a subset of 229 patients who present-
ed with aneurysmal SAH between 2007 and 2011 (63 males, 176 females, 
median age 57 years (range 19-88 years)). Blood samples were obtained in 
EDTA tubes between days 1 to 14 after ictus. The samples were centrifuged 
and C5a levels in plasma were measured with the use of Human Comple-
ment C5a ELISA Kit (LifeSpan Biosciences) according to the manufacturers’ 
instructions.

Serial measurement of C5a in CSF and plasma 
We performed serial blood withdrawals in 31 patients with aneurysmal SAH 
(13 males, 18 females, median age 53 years (range 32-74 years)) and single 
measurements in 17 healthy control patients (6 males, 11 females, median 
age 53 years (range 30-63 years)). Blood samples in SAH patients were ob-
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tained in citrate tubes on days 1, 3, 5, 7, 10, 14 and 17 (+/- 1 day), with day of 
ictus defined as day 0. The samples were centrifuged and plasma C5a levels 
were measured with the use of a C5a EIA kit (Quidel) according to the man-
ufacturers’ guidelines (standard curves R2 ranging from 0.9998 to 1, lower 
limit of detection: 0.05 ng/ml).

CSF samples were collected from 10 patients with aneurysmal SAH (three 
males, seven females, median age 57 years (range 41-75 years)) and three 
controls in whom CSF was collected during surgery for an unruptured aneu-
rysm (one male, two females, ages: 49, 60 and 60 years). In 6 patients, CSF 
samples were collected from external ventricular drains and in 4 patients 
from lumbar drains. CSF was sampled on days 1, 3, 5, 7, 10, 12 and 14 after 
SAH with day of ictus defined as day 0. All CSF samples were immediately 
centrifuged upon collection, and the supernatants were stored at −80 °C un-
til analysis. C5a levels were measured with the use of a C5a EIA kit (Quidel) 
according to the manufacturers’ guidelines.

SAH animal model
To model SAH in mice, we applied the prechiasmatic blood injection model 
as described previously, with injection of 60 μL of blood in the prechiasmatic 
cistern [28,29]. Body temperature was maintained at 37 °C. Cerebral blood 
flow was measured between 7.5 min prior to and up to 15 min after blood 
injection, with a laser Doppler flow meter (BLF22; Transonics Systems, New 
York, NY, USA). The success of SAH creation was confirmed by a sharp reduc-
tion in cerebral blood flow during blood injection. Mean cerebral blood flow 
during blood injection dropped to ≤25% of baseline in all groups, which is 
a reflection of an acute increase in intracranial pressure that is also seen in 
patients with aneurysmal SAH. Mice were killed 48 hours after blood injec-
tion. After intracardiac perfusion-fixation with 4% paraformaldehyde in PBS, 
brains were removed and post-fixed for 48 hours in 4% paraformaldehyde 
in PBS, pH7.4. Coronal cuts were made with a mouse brain matrix (Zivic In-
struments, Pittsburgh, PA, USA). Slices were dehydrated and embedded in 
paraffin, and cut into 7-μm sections with a microtome.

The following experimental groups were investigated: (a) wildtype (WT) 
mice (BALB/c, male, n=15) with prechiasmatic injection of 60 μL of blood 
from a donor WT mouse (BALB/c, male, n=15); (b) WT mice (BALB/c, male, 
n=15) with prechiasmatic injection of 60 μL of blood from a donor WT mouse 
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(BALB/c, male, n=15) and with a subsequent intraperitoneal injection of a 
neutralizing monoclonal antibody directed against murine C5 (20 min after 
creation of SAH, 1 mg per mouse; clone BB5.1; [30]; and (c) C5aR-/- mice 
(C.129S4(B6)-C5ar1tm1Cge/J, 15 times back crossed to BALB/c, obtained from 
the Jackson Laboratory, male, n = 15) with prechiasmatic injection of 60 μL 
of blood from a donor C5aR-/- mouse, male, n=15). All mice were 2 months 
of age. The experiments were performed in random order.

Immunocytochemistry
Iba1 and cleaved caspase-3 immunofluorescence imaging was performed on 
coronal 7-μm sections that were taken 3 mm anterior to the cerebellum of the 
mice. Iba1 (polyclonal rabbit, 1:4000, #019-19741, Wako), cleaved caspase 3 
(polyclonal rabbit, Antibody #9661, 1:100, Cell Signalling) and NeuN (mono-
clonal, 1:500, Mab377, Chemicon) were used as primary antibodies. Hoechst 
33258 (1:1000, Sigma-Aldrich) was used to visualize cell nuclei. We selected 
four predefined areas of cerebral cortex to quantify protein expression. Im-
ages were taken with the use of an epifluorescence microscope (20x objec-
tive, Axio Scope A1, Zeiss) and processed with the use of Axiovision (Zeiss). 
We calculated the threshold area percentage of Iba1 positive cells with the 
use of FIJI software (ImageJ, NIH). The investigators who analysed Iba1 and 
cleaved caspase 3 positive cells were blinded to the experimental group. 

Statistical analysis – autopsy study
Optical density values were presented as mean with SEM, compared be-
tween areas of SAH patients and controls, and analysed with a Student’s 
t-test for the C1q analysis, and a Mann Whitney test for the C3/C3b/iC3b 
analysis. 

Statistical analysis – genetic analysis
The number of patients in our cohort (n=930) was based on a variant with a 
minor allele frequency of 0.36 and a study power of >80%, to detect an as-
sociation of the variant with poor functional outcome with an odds ratio of 
≥1.8 (http://pngu.mgh.harvard.edu/~purcell/gpc/). We calculated whether 
the genotype frequencies concurred with the Hardy-Weinberg equilibrium 
by use of an X2 test with one degree of freedom with a p-value of less than 
0.05 to indicate significance. Differences in genotype frequencies were anal-
ysed with a two-tailed X2 test. Statistical analyses were performed with SPSS 
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version 20.0 for Windows (IBM, Armonk, New York, USA). We calculated 
odds ratios with 95% confidence intervals, and performed logistic regression 
analyses with adjustments for age, sex and WFNS grading scale on admis-
sion to calculate adjusted odds ratio. C5a levels per genotype of the C5 SNP 
rs17611 were analysed by the Kruskal-Wallis test followed by Dunn’s multi-
ple comparison test. Correlation between plasma C5a levels and functional 
outcome 3 months after ictus, measured with the Glasgow Outcome Scale, 
was analysed by Partial Spearman’s Rho correlation test, and controlled for 
WFNS grading scale score on admission.

Statistical analysis – serial C5a measurements in CSF and plasma
Concentrations were presented as mean with SEM. Means of each serial C5a 
measurement in plasma were compared with the mean of the controls, cal-
culated with ANOVA followed by the Dunnett’s multiple comparisons test. 
Each serial C5a measurement in CSF was compared with the controls, calcu-
lated with Kruskal-Wallis test, followed by the Dunn’s multiple comparisons 
test.
 
Statistical analysis – animal experiments
The number of mice (n=15) was based on an assumed mortality rate of 6% 
(leaving 14 mice available for analysis), a minimum difference in extent of 
microglia/macrophage activation or cells undergoing apoptosis of 25% be-
tween groups with and without C5a ablation, a standard deviation of 20% in 
both groups, 5% error, and 80% power. 

The results of Iba1 and cleaved caspase-3 immunofluorescence stainings 
were presented as means with SD. Differences between groups were calcu-
lated with Kruskal-Wallis test, followed by the Dunn’s multiple comparisons 
test. Probability values of <0.05 were considered to be of statistical signifi-
cance.

Results

Complement expression in brains of SAH patients
In autopsy brain tissue from SAH patients and controls, we found a higher 
expression in SAH patients compared to controls of complement component 
C1q (control mean±SEM: 0.129± 0.007, n=5; versus SAH mean±SEM: 0.155 ± 
0.007, n=7; t=2,66 df=10; p<0.05, Fig. 1A and 1B) and complement compo-
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nent C3/C3b/iC3b (control mean±SEM: 0.114±0.001 versus SAH mean±SEM: 
0.148±0.005; U=0, p<0.01, Fig. 1C and 1D). These results show that C1q and 
C3/C3b/iC3b immunoreactivity is increased in the brain after SAH.

Figure 1. Complement expression in human autopsy brain sections. A) Representative im-
ages of immunohistochemical staining of C1q on autopsy brain sections of a control pa-
tient, and a subarachnoid hemorrhage patient; B) Average optical density measurements of 
C1q; C) Representative images of immunohistochemical staining of C3/C3b/iC3b on autopsy 
brain sections of a control patient, and a subarachnoid hemorrhage patient; D) Average op-
tical density measurements of C3/C3b/iC3b. Scale bar: 100µm, Student’s t-test; * p=<0.05; 
** p=<0.01; mean±SEM.
Genetic association study of common allele variants of the complement C3 
and C5 genes
Inter-individual differences in the inflammatory response resulting from 
common polymorphisms in the complement system may explain part of the 
heterogeneity in disease severity and outcome following aneurysmal SAH. 
Previously, it was shown that these polymorphisms are involved in central 
nervous system inflammation [31]. We performed a genetic association 
study to investigate if common allele variants in C3 and C5 genes are associ-
ated with functional outcome and delayed cerebral ischemia. Characteristics 
of the 930 patients included in the genetic study are shown in Table 1. Poor 
functional outcome, measured by the Glasgow Outcome Score 1-3 at three 
months, occurred in 189 of the 930 patients (20%). Data on genotyping suc-
cess rate are shown in Table 2. All genotype frequencies were in concurrence 
with the Hardy-Weinberg equilibrium.
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Table 2. Allele frequency, Hardy-Weinberg equilibrium and genotyping success rate of 
common complement component polymorphisms in 930 patients with aneurysmal sub-
arachnoid hemorrhage 

Gene SNP ID A % B % AA AB BB HWE
p-value

Success rate

C3 rs1047286 80.1% 19.9% 545 267 35 p=0.750 91 %

C3 rs2230199 77.6% 22.4% 590 277 37 p=0.534 97 %

C5 rs17611 43.7% 56.3% 182 432 297 p=0.274 98 %
HWE= Hardy-Weinberg equilibrium; SNP= Single Nucleotide Polymorphism.

The relationship between genotyping and outcome is shown in Table 3. The 
C3 SNP frequencies were similar in patients with poor and good functional 
outcome, and in patients with and without delayed cerebral ischemia. The 
C5 rs17611 allele A was associated with poor functional outcome (Odds Ra-
tio 1.49; 95% Confidence Interval: 1.04-2.14; adjusted Odds Ratio 1.53; 95% 
CI: 1.02-2.28; Table 3), but not with delayed cerebral ischemia (Odds Ratio 
1.09; 95% CI 0.78-1.52; adjusted Odds Ratio 1.10; 95% Confidence Interval 
0.79-1.55; Table 4). 

Since the C5 rs17611 allele A was associated with poor functional outcome, 
we subsequently measured plasma C5a levels in 229 genotyped patients 
with SAH in blood samples drawn between days 1 and 14 after the hemor-
rhage. Patients carrying allele A of the C5 rs17611 SNP had lower plasma 
C5a levels (Genotype AA median: 5.3 ng/ml [95% Confidence Interval: 5.3-
7.1 ng/ml]; AG median: 13.0 ng/ml [95% Confidence Interval: 13.1-16.0 ng/
ml]; GG median: 19.3 ng/ml [95% Confidence Interval: 18.2-25.9 ng/ml; H= 
117.9, p<0.0001, Fig. 2A). No correlation was found between plasma C5a lev-
els and poor functional outcome, measured by the Glasgow Outcome Scale, 
3 months after subarachnoid hemorrhage (Partial Spearman’s Rho correla-
tion: -0.09, p=0.16, controlled for WFNS grading scale on admission). 
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Serial C5a measurements in CSF and plasma of subarachnoid hemorrhage 
patients
We investigated the time-course of plasma C5a levels in 31 patients with 
aneurysmal SAH. Blood samples were taken at days 1, 3, 5, 7, 10, 14, and 
17 (+/- 1 day) after aneurysmal SAH. Plasma C5a levels steadily increased 
with a peak on day 5 after SAH (control mean±SEM: 7.8±0.9 ng/ml; SAH day 
5 mean±SEM: 17.9±2.0 ng/ml, F= 3.305, p<0.01) and dropped thereafter 
(Fig. 2B). Furthermore, we used serial CSF samples from 10 patients with 
aneurysmal SAH up to day 14 after ictus and single CSF samples from 3 con-
trols with unruptured aneurysms. The CSF levels of C5a were >1400 times 
increased 1 day after aneurysmal SAH (control mean±SEM: 0.05±0.03 ng/
ml; SAH day 1 mean±SEM: 71.9±26.4 ng/ml, H=23.21, p<0.001) and slowly 
decreased over time (Fig. 2C). These data show that complement activation 
is strongly increased in the acute phase of SAH, in particular in the central 
nervous system.
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< Figure 2. C5a levels measured in plasma and CSF of aneurysmal subarachnoid hem-
orrhage patients. A) Plasma C5a levels (ng/ml) of genotyped patients, grouped per gen-
otype of the C5 Single Nucleotide Polymorphism rs17611; blood samples were obtained 
between day 1 and day 14 post-subarachnoid hemorrhage; AA; n=53, AG; n=98, GG; n=78; 
Kruskal-Wallis, Dunn’s multiple comparison, ***p=<0.001, median±5-95 percentile. B) Se-
quentially measured C5a levels in plasma of aneurysmal subarachnoid hemorrhage patients 
(n=31), versus plasma C5a levels of healthy controls (n=17). Blood samples were taken on 
days 1, 3, 5, 7, 10, 14, and 17 (+/- 1 day) after subarachnoid hemorrhage. * p=<0.05, ** 
p=<0.01, *** p=<0.001, ANOVA, Dunnett’s post-hoc; mean±SEM. C) Sequentially measured 
C5a levels in CSF of aneurysmal subarachnoid hemorrhage patients (n=10) versus CSF C5a 
levels of patients with an unruptured aneurysm (n=3). CSF obtained on days 1, 3, 5, 7, 10, 12 
and 14 after subarachnoid hemorrhage. * p=<0.05, ** p=<0.01, Kruskal-Wallis test, Dunn’s 
post-hoc; mean±SEM.

Functional analysis of the role of C5 and C5a in an SAH mouse model
To investigate if C5 contributes to brain injury after SAH and to study the ef-
fect of C5-specific antibodies on the extent of brain injury, we used 3 groups 
of mice in which SAH was created with the prechiasmatic blood injection 
model [29]. We assessed microglia/macrophage activation and cell death 
48 hours after SAH induction. We found that Iba1 expression, a microglia/
macrophage marker, was reduced in the C5aR-/- mice compared to wildtype 
controls. Moreover, the mice treated with C5 specific antibody showed simi-
lar reduction in Iba1 expression (C5aR-/- mean±SD: 6.3±0.9%; control BALB/c 
mean±SD: 10.8±2.1%; C5 antibody treated mice mean±SD: 6.7±1.0%; Krus-
kal-Wallis, Dunn’s post-hoc, H=22.9, p=<0.001; Fig. 3A; quantified in Fig. 3C), 
indicating a reduced activation of microglia/macrophages, the innate im-
mune cells of the brain. No difference in Iba1 expression between the C5aR-

/- and C5 antibody treated wildtype mice was found, showing the potency of 
this treatment. Furthermore, the density of cells positive for cleaved caspase 
3, marker for cells undergoing apoptosis, was reduced to a similar degree in 
the C5aR-/- mice and mice treated with C5 antibody compared to wild type 
controls (C5aR-/- mean±SD: 28±24; C5 antibody treated BALB/c mean±SD: 
26±16; control BALB/c mean±SD: 47±22; Kruskal-Wallis, Dunn’s post-hoc, 
H=8.6, p=<0.05; Fig. 3B; quantified in Fig. 3D), indicating a reduction in the 
number of cells undergoing apoptosis. The majority of cleaved caspase 3 
positive cells were also positive for NeuN, a neuronal marker (Fig. 3B). 
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Figure 3. C5 antibody treatment reduces brain injury in experimental subarachnoid hem-
orrhage. A) Representative images of mouse cortex stained with antibody against Iba-1 
(orange); cell nuclei in blue (Hoechst). B) Representative images of mouse cortex stained 
with antibody against Cleaved caspase 3 (CC3; green); NeuN (red) and cell nuclei in blue 
(Hoechst). C) C5a receptor deficient (C5aR-/-) and wildtype mice treated with C5-specific 
antibodies had a >38% reduction in microglia/macrophage activation compared to un-
treated wildtype mice. Kruskal-Wallis, Dunn’s post hoc; D) C5aR-/- mice and control BALB/c 
mice treated with C5-specific monoclonal antibodies had >39% reduction in cells undergo-
ing apoptosis, compared to untreated wildtype mice 48 hours after subarachnoid hemor-
rhage. Kruskal-Wallis, Dunn’s post hoc; n=15 mice per group; ****p=<0.0001, ***p=<0.001, 
*p=<0.05; mean±SD; scale bars: 30 µm.
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Discussion

We are the first to show in a multilevel approach that complement factor C5 
contributes to brain injury after SAH. We showed that the complement sys-
tem is activated in the brain following SAH, as reflected by the increased im-
munoreactivity for C1q and C3/C3b/iC3b in brain tissue of patients who died 
after SAH compared with brain tissue of patients who died from non-neu-
rological causes. C5 rs17611 SNP correlated with functional outcome after 
SAH and with plasma C5a levels, and that C5a levels in CSF were marked-
ly increased on day 1 after ictus and gradually decreased within the next 
two weeks. Plasma C5a levels were increased at a later stage, with a peak 
concentration around days 3-10 after ictus. In a mouse model of SAH, mice 
lacking C5a receptor had a ≈40% reduction of brain injury as reflected by 
reduced microglia/macrophage activation and cell apoptosis. This indicates 
that C5a is involved in the pathogenesis of brain injury after experimental 
SAH. Similarly, mice treated with C5 neutralizing antibodies directly after the 
hemorrhage had reduced brain injury. As the mice were treated short after 
the induction of SAH and sacrificed two days after SAH, this suggests that 
the inhibition of C5 has a long-lasting effect. These data indicate that C5 an-
tibodies may be a promising new treatment option to decrease brain inju-
ry. Importantly, C5 antibodies are already used for other clinical indications 
[32–34]. Furthermore, studies showed that C5 antibodies are a promising 
new treatment option for patients with other neurological diseases, such 
as pneumococcal meningitis, neuromyelitis optica, and myasthenia gravis 
[31,35,36]. 

The C5 rs17611 SNP correlated with poor functional outcome. This SNP has 
also been linked to poor outcome after pneumococcal meningitis [31], ad-
verse cardiovascular outcomes [37] and periodontitis [38]. Recently, the 
functional basis for these disease associations was clarified [39]. Allele G of 
the C5 rs17611 SNP causes a missense mutation in the C5 gene, increas-
es the rate of proteolytic activation of C5 and C5a generation. As a result, 
patients carrying allele G have increased C5a plasma levels [39]. This is in 
accordance with the results from our study, in which we found that patients 
carrying allele G of the C5 rs17611 SNP had higher plasma C5a levels than 
patients with allele A. Although patients with allele A had lower plasma C5a 
levels and were at increased risk of poor functional outcome, the plasma 
levels were not correlated with poor functional outcome. Since complement 
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activation was much stronger upregulated in the CSF than in plasma, it re-
mains to be investigated if C5a levels in CSF correlate better with functional 
outcome than C5a levels in plasma.

There are a number of mechanisms by which complement activation can 
contribute to brain injury. The complement system has been linked to the 
regulation of synapse numbers [40]. In particular, complement components 
C1q and C3 have been implicated to facilitate the removal of synapses [41]. 
Unwanted synapses are tagged with C1q and C3, thereby becoming eligible 
for elimination. Microglia recognize these components and start to remove 
the synapse [42]. Synaptic pruning by microglia occurs during development, 
but also in diseases such as glaucoma and Alzheimer’s disease and after viral 
infection[41,43,44]. Therefore, complement activation in response to SAH 
may also induce excessive synapse pruning. However, while early comple-
ment components are involved in synapse elimination, the involvement of 
downstream components, such as C5 and C5a, remain to be investigated. An-
other mechanism by which complement activation may contribute to brain 
injury is by the membrane attack complex, formed by C5b-C9 complexes. He-
molysis of blood in the CSF is thought to be complement system mediated by 
activation of the membrane attack complex [45,46]. The membrane attack 
complex may also bind bystander cells, such as endothelial cells, ependymal 
cells and other brain cells, and thereby induce brain injury.

To address the specific involvement of C5 and C5a in brain injury after SAH, 
we used C5aR-/- and wildtype mice treated with neutralizing antibody against 
C5. While the antibody treatment inhibits the generation of both activation 
products of C5, namely C5a and C5b, only the C5aR-mediated functions of 
C5a are absent in the C5aR-/- mice. Our experimental data show that apop-
tosis and microglia activation are reduced in mice lacking C5aR as well as 
mice treated with a single dose of neutralizing antibody against C5. These 
findings provide evidence for the detrimental role of C5a in brain injury after 
SAH and are in line with previous studies in which C5aR deficiency as well as 
treatment with a C5aR antagonist resulted in reduced apoptosis, increased 
cell viability and reduced infarct volume after ischemic stroke [47,48]. As 
C5a promotes neuronal apoptosis by acting directly through neuronal 
C5aR in-vitro [48], it is conceivable that the same neuronal mechanism is 
involved in brain injury after SAH. 
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C5aR is also expressed by microglia which upregulate C5aR in response to 
injury [49–51]. Thus, the reduced activation of microglia in the C5aR-/- and 
anti-C5 antibody treated mice may not only be an indirect effect of reduced 
cell death but may also be explained by direct effects of the intervention 
on these cells. In experimental spinal cord injury, C5aR signaling in the 
acute phase has been shown to contribute to tissue damage through local 
proinflammatory cytokine production and the recruitment of inflammatory 
monocytes/macrophages [52]. As Iba1 is expressed in microglia as well as in 
blood born monocytes/macrophages, it is possible that recruited inflamma-
tory cells together with activated microglia play a role in SAH-induced brain 
injury. 

The effects of C5a in the context of brain tissue injury may not be solely 
detrimental. C5a has been shown to be neuroprotective during neuronal 
maturation [53] and to protect neurons against glutamate-mediated tox-
icity [54]. Through the upregulation of microglial glutamate receptor GLT-1, 
C5a can also increase the capacity of microglia to clear excessive glutamate 
[55]. In addition, in the post-acute stage after spinal cord injury, signaling 
through the C5a-C5aR axis appears to serve a protective and/or reparative 
role [52]. Thus, in light of the potential beneficial effects of C5a, the timing 
of the therapeutic intervention targeting C5aR after SAH may need to be 
carefully determined. 

Interestingly, C5a can bind to Gpr77, also termed C5a-like receptor 2 (C5L2; 
[56]). The function of C5L2 is controversial, as both pro- and anti-inflamma-
tory properties of this receptor have been described [56]. Our results that 
C5aR deficiency and inhibition of C5 activation reduced brain injury to the 
same extent support the contention that the deleterious effects of C5a in the 
acute phase after SAH are mediated mainly by its canonical receptor C5aR. 
In addition to the release of C5a, the proteolytic activation of C5 triggers 
the formation of the membrane attack complex, C5b-9, leading to neuro-
nal death through apoptosis [57] or cell lysis [55]. However, in light of our 
findings of the comparable effect of C5aR deficiency and anti-C5 antibody 
treatment, a substantial contribution of C5b-9 to brain injury after SAH ap-
pears unlikely.

There are potential limitations to our study. The human brain tissue used 
in the autopsy study was from deceased patients. The increased expres-



Chapter 2

82

sion of complement C1q and C3/C3b/iC3b may not reflect the situation of 
patients with a more favorable outcome. However, the CSF used to measure 
C5 levels was of patients of both favorable and unfavorable outcomes, and 
showed a sharp increase in complement C5 levels after SAH. This suggests 
activation of the complement cascade both in good and poor grade SAH. 

In conclusion, the present study highlights the role of C5a in the develop-
ment of brain injury after SAH and identifies C5 antibodies as a potential 
novel treatment strategy to reduce brain injury after SAH. 
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Supplementary Figure 1. Heterogenous complement expression in human autopsy brain 
sections. A) Image of immunohistochemical staining of C1q on autopsy brain sections 
of a control patient with only little immunoreactivity; B) Image of immunohistochemical 
staining of C1q on autopsy brain sections of a SAH patient with high immunoreactivity; 
C) Image of immunohistochemical staining of C3/C3b/iC3b on autopsy brain sections of a 
control patient with little immunoreactivity; D) Image of immunohistochemical staining of 
C3/C3b/iC3b on autopsy brain sections of a SAH patient with high immunoreactivity; 100x 
magnification
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Abstract
Aneurysmal subarachnoid hemorrhage (SAH) is a subtype of stroke that 
causes a high case fatality and morbidity. Patients who survive the initial 
weeks after the hemorrhage often have cognitive impairment, which reduc-
es the quality of life substantially. The pathogenesis of the cognitive impair-
ment in aneurysmal SAH survivors is poorly understood. Here, we studied 
the glial reaction in the post-mortem human frontal cortex of 11 aneurysmal 
SAH patients and 11 control patients, and found reactive astrocytes and ac-
tive microglia after SAH. In the endovascular perforation SAH mouse model, 
which results in memory impairments after SAH, we studied the comple-
ment system-mediated activation of glia, which is associated with the detri-
mental effect of gliosis. In the hippocampal CA1 region of mice, the microglia 
were activated and the astrocytes expressed higher complement C3 after 
SAH than after sham operation, but these differences between SAH and con-
trol mice were not found in the prefrontal cortex. The expression levels of 
complement C3 within the hippocampal astrocytes correlated to memory 
impairments.

Introduction
Aneurysmal subarachnoid hemorrhage (SAH) is a severe subtype of stroke 
with a 90-day case-fatality rate of 30%. Patients who survive the initial weeks 
after the hemorrhage often have cognitive impairments, which can consist 
of reduced initiation of social interaction, impaired executive functions, anx-
iety, attention problems, and visual- and verbal memory loss (1, 2). These 
impairments affect the daily practice of patients and reduce quality of life. 
The occurrence of these deficits are associated with the severity of the 
hemorrhage indicated by the clinical condition on admission, however, the 
deficits can also occur in patients that initially show a favorable prognoses 
(1, 3). The pathogenesis of long-lasting cognitive impairment after SAH re-
mains unclear. Reactive gliosis and complement activation may play a role 
in this (4). Reactive gliosis is a response of microglia and astrocytes to cen-
tral nervous system damage or disease (5, 6). This immune response can be 
initially protective, but sustained activation of glial cells will affect normal 
brain functioning and becomes detrimental (7). Moreover, astrocytes and 
microglia can become neurotoxic when the complement system, an immune 
initiating pathway, is also activated (8). Microglia release a combination of 
cytokines, e.g. interleukin1-beta, tumor necrosis factor alpha, and comple-
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ment component C1q, which induces a phenotypic switch in the astrocytes 
(9). These astrocytes start producing more complement components and se-
crete neurotoxic agents. Another detrimental mechanism in which glia and 
early complement components are involved, is the pathological pruning of 
synapses (10). Early complement components C1q, C3, and C4 can tag syn-
apses. Microglia sense and remove these tagged synapses, a process called 
pruning. Therefore, prolonged reactive gliosis might be a maladaptive cellu-
lar response to SAH, as glia convert into a neurotoxic state contributing to 
excessive synapse pruning, and therefore reactive gliosis may induce cogni-
tive deficits. 

Upregulation of the complement cascade is associated with poor functional 
outcome after SAH. Levels of complement components C3a and C4 in plasma 
and cerebrospinal fluid of SAH patients correlates with poor functional out-
come (11). Furthermore, complement component C5 contributes to brain 
injury after aneurysmal subarachnoid hemorrhage (12). 

This study aims to determine reactive gliosis and the presence of comple-
ment components in glia after SAH in patient material. To provide mecha-
nistic evidence on the interaction between gliosis and cognitive impairment 
after SAH, we used an SAH mouse model to investigate whether the glial re-
sponse and complement activation is associated with cognitive impairment 
after SAH. 

Materials and Methods

Human post mortem brain tissue
Post mortem brain tissue of 11 patients (2 males, 9 females, median age 71 
years (range 45-85 years)), who died within 20 days after aneurysmal SAH 
was obtained from the pathology department of the University Medical 
Centre Utrecht. Detailed characteristics of SAH patients are shown in Table 
1. The brain tissue originated from the medial frontal gyrus. Post mortem 
brain tissue from 11 non-demented neurological controls was provided by 
the Netherlands Brain Bank, and was obtained based on informed consent 
of the brain donor (3 males, 8 females, median age 72 years (range 47-84 
years)). Detailed characteristics of control patients are shown in Table 2. 
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Table 1. Aneurysmal SAH patient characteristics.
Case Sex Age WFNS score 

on admission
Number of 
rebleeds

Day of death 
after ictus

Aneurysm location

1 F 85 5 0 1 BA

2 M 70 5 3 20 Acom

3 F 54 2 1 1 Right pericallosal 
artery

4 F 74 1 2 17 Acom

5 F 79 4 0 1 Left MCA

6 F 71 4 0 8 Left ICA

7 F 74 2 2 18 Acom

8 F 74 4 0 1 Acom

9 F 67 5 0 6 Acom

10 F 61 2 1 9 Acom

11 M 45 1 4 9 Acom
WFNS: World Federation of Neurosurgical Surgeons; F: Female; M: Male; BA: Basilar artery; 
Acom: Anterior communicating artery; MCA: Middle cerebral artery; ICA: Internal carotid 
artery. 

Table 2. Clinicopathological information of neurological control donors. 
NBB number Sex Age 

(yrs)
Cause of death Braak 

score
Amy-
loid

PMD 
(h:min)

pH CSF

2001-077 f 47 Malignancy 1 0 04:00 6.9

2001-140 f 53 Respiratory failure 0 0 07:25 unknown

2014-043 f 60 Malignancy 0 0 08:10 6.6

2015-055 f 72 Malignancy 1 A 06:50 7.2

2000-127 f 76 Ischemic stroke 1 0 04:50 7.2

2011-072 f 76 Malignancy 2 0 07:15 6.9

2004-049 f 77 Renal failure 1 A 08:20 6.5

2009-042 f 84 Malignancy 1 0 06:55 unknown

2011-069 m 49 Malignancy 0 0 06:15 6.2

2005-034 m 56 Unknown 0 0 14:00 7.0

2005-044 m 80 Renal failure 0 0 07:15 5.8
PMD: post mortem delay of obduction, CSF: cerebrospinal fluid; Braak score: tau score for 
Alzheimer pathology, Amyloid: score for amyloid plaque pathology.
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Endovascular perforation mouse model
All animal experiments were approved by the Institutional Animal Care and 
Use Committee of the University Medical Center Utrecht, the Netherlands. 
Mice were purchased from Jackson Laboratory, USA, and further bred at 
the University Medical Center Utrecht. Mice were weaned at 21 days, ear 
punched for identification purposes, and housed with littermates of the 
same sex in groups of 6-8 mice per cage. Adult male C57bl6/J mice of 2-3 
months of age were randomly assigned to the sham control or SAH group. 
Before anesthesia, mice were injected intraperitoneally with an analgesic 
(Carprofen; 5 mg/kg, in a dose for 100 µl/10g). Anesthesia was induced by 
intraperitoneal injection of Ketamine; 75 mg/kg, and Medetomidine; 1 mg/
kg. The surgery was performed according to a previously published method 
(13). An incision was made on the right side of the neck of the mouse, and 
the external carotid artery was exposed. A black nylon filament with a blunt 
tip (size 5-0) was inserted into the external carotid artery and moved into the 
internal carotid artery. During filament insertion, a clip and sutures around 
the external carotid artery prevented the spilling of blood. In SAH mice, the 
nylon filament was advanced into the circle of Willis, and pushed further to 
perforate the vessel wall of the middle cerebral artery. Thereafter, the fila-
ment was retracted quickly to restore normal blood flow into the internal 
carotid artery and induce an SAH. In the sham control mice, the nylon fila-
ment was retracted before hitting the vessel wall. After removal of the nylon 
filament, the right external carotid artery of mice was ligated. Mice received 
one dose of analgesic 24h after the surgery. 

Mice were housed in groups, with a normal day-night cycle (white lights on 
from 7:00-19:00 hr). Cages were enriched with sawdust and tissues. Regu-
lar chow and water were provided ad libitum. After surgery, the chow was 
provided in heated water to soften the chow. Cages were placed on top of 
a heater at 37°C after the surgery for 2h. The cages were placed half over 
the heating plate for up to 48h, for the mice to choose between heated or 
normal temperature. Mouse weight and neurological scores were measured 
daily for the first two weeks after surgery and 3 times a week thereafter. Neu-
rological scoring was performed according to the method of Sugawara et al. 
(14). Mice that lost >20% of their weight after the surgery, without showing 
signs of improved neurological scores were killed and were removed from 
the experiment. Mice were killed at 2 weeks (sham control n=16, SAH n=21), 
and at 1 month (sham control n=13, SAH n=15) after sham control/SAH sur-



Chapter 3

96

gery for further morphological analyses (Figure 3A).

Fluorescence immunohistochemistry of the human paraffin-embedded brain 
tissue
Formalin-fixed paraffin-embedded human brain tissue was cut in 7 µm sec-
tions using a microtome. Sections were mounted on super frost plus slides 
(VWR) and stored at room temperature until further use. After deparaffina-
tion by dipping the sections in xylene (VWR International) for 2x 10 minutes, 
the sections were rehydrated in graded ethanol with a final 2x 5 minutes 
step in dH20. Epitope retrieval was performed in 10 mM sodium citrate solu-
tion (Sigma), 0.05% Tween 20 (Millipore Corporation), pH 6.0, by heating the 
sections in a steamer at 96°C for 20 minutes. Sections were washed twice 
in phosphate buffer (PB: 0.05 mM Na2HPO4·2H2O, 0.05 mM NaH2PO4·H2O, 
pH 7.4). PB with 10% normal donkey serum (Gene Tex) and 0.4% Triton-X 
100 (Roche Diagnostics) applied at room temperature for 1 hour, to perme-
abilize the tissue and to block aspecific binding of the primary antibodies. 
Primary antibodies were diluted in PB with 0.4% Triton-X 100, 3% Normal 
Donkey Serum, and the incubation was performed in a humidified chamber 
at room temperature overnight, followed by washing in PB before secondary 
antibodies were applied. Secondary antibodies were incubated at 10 µg/ml 
in PB at room temperature for 1.5 hours. The antibodies used for this study 
are shown in Table 3. Nuclei were stained with Hoechst (1:1000; Invitrogen 
H3569, Life Technologies). Subsequently, the sections were washed in PB, 
and to reduce autofluorescence the sections were incubated in Sudan Black 
(0.3% Sudan Black dissolved in 70% EtOH (Sigma)) for 7 minutes, and then 
washed with 70% EtOH for 1 minute. Finally, the sections were washed in PB 
and embedded with Mowiol (0.1M Tris-HCl, pH 8.5, 25% Glycerol; Millipore 
Corporation), 10% w/v/ Mowiol 4-88 (EMD Chemicals).
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Table 3. Primary antibody characteristics.
Antibody Host catalog num-

ber
Manufacturer Dilution

Iba1 Rabbit polyclonal 019-19741 Wako 1:2000

GFAP-
pan

Rabbit polyclonal Z0334 Dako 1:4000 
(mouse) 
1:2000 
(human)

C3 Rat monoclonal ab11862 Abcam 1:50

PSD-95 Rabbit monoclonal 3450 Cell Signaling 1:500

S y n a p t o -
physin 1

Mouse monoclonal 101 011 Synaptic Systems 1:500

Fluorescence immunohistochemistry on mouse brain sections
At the end of the behavioral test battery, the mice were transcardially per-
fused with 4% paraformaldehyde in PBS, pH 7.4. After brain removal, brains 
were kept in 4% paraformaldehyde in PBS for 48h, and subsequently trans-
ferred into a 30% sucrose solution in PBS. After at least 48h in the sucrose 
solutions, the brains were snap-frozen in isopentane on dry ice and stored 
at -80°C. Brains were cut using a cryostat in 20 um thick sections that were 
thaw-mounted on Super Frost glass slides (VWR), and stored at -80°C until 
use. The slides were post-fixed by incubation in 4% paraformaldehyde in PBS 
for 10 minutes, then washed in PB. The protocols for epitope retrieval and 
immunofluorescence staining were the same as the protocols used for the 
human paraffin-embedded tissue, except that the mouse sections were not 
treated with Sudan Black. 

Chromogenic Immunohistochemistry on mouse brain sections
Endogenous peroxidases were quenched by 2% hydrogen peroxide in water. 
After 10 minutes, the slides were washed in PBS with 0.5% Tween (PBST) and 
then treated for antigen retrieval. Epitope retrieval was performed the same 
way as for human paraffin-embedded tissue. Slides were washed in PBST 
two times for ten minutes. Blocking was done in 1% bovine serum albumin 
(BSA), followed by an incubation with primary antibodies and 1% BSA in PBS 
overnight. The slides were washed in PBST, then incubated with goat-derived 
biotinylated antibodies for 2 hours, and subsequently washed twice in PBST 
for 10 minutes. The sections were incubated with the avidin-biotin complex 
for 30 minutes and then washed in PBST. This was followed by an incuba-
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tion in 3,3′-Diaminobenzidine (DAB; 20 µl/ml) in PBS for 11 minutes. Sections 
were quickly rinsed in water, dehydrated in graded ethanol and xylene. Final-
ly, the sections were mounted in Entellan (EMD Millipore). 

Image acquisition and analysis 
Images of human brain sections were taken at three randomly selected loca-
tions within the grey matter of one brain section. At the time of imaging, the 
investigator was blinded for the experimental group (control or SAH). The 
sections were imaged with a 20x magnification on an epifluorescent micro-
scope (Zeiss AxioImager M2 fluorescent microscope with N-Achroplan objec-
tives, AxioCam MRm camera and Software Zen 2011). Images were evaluated 
and analyzed with the program ImageJ 2.0 (NIH). For the microglia analysis 
(Iba-1 staining), the images were binarized using the triangle auto threshold 
algorithm in ImageJ. The percentage of the total area covered by Iba-1 im-
munopositive staining was measured. Particles larger than 100 pixels were 
considered as single cells. The morphology of randomly chosen Iba-1 positive 
microglia (average of 4 cells per patient) was determined by making z-stack 
imaging on a confocal microscope (Zeiss LSM800, 63x magnification). The 
maximum intensity images were analyzed using ImageJ (NIH). The process-
es of the cells were tracked with the use of the Simple Neurotracer plugin. 
Microglia are highly ramified in a homeostatic state and, upon damage, the 
processes are retracted. The roundness of the cells is a sign of immune ac-
tivation. Sholl analysis was performed using the Sholl analysis plugin to de-
termine the complexity of the microglial processes. To analyze the activation 
of astrocytes, the intensity of the GFAP immunostaining was quantified by 
calculating the mean intensity per image. Furthermore, the percentage area 
of the GFAP immune-positive area was quantified. In the mouse brain tissue, 
the complement C3 and GFAP intensity was measured on the total area of 
each image. Particles larger than 100 pixels were considered as cells to deter-
mine cell count. Regions of interest (ROI) were created for each particle, and 
the intensity of C3 and GFAP immunostaining were measured within each 
ROI. The C3/GFAP ratio was calculated for each ROI. Ratios were then divided 
into bins per 0.05, and the percentage of ROIs per bin was determined. For 
correlations of C3/GFAP intensity with outcomes of the novel object discrim-
ination task, the average C3/GFAP intensity of all ROIs was calculated per 
mouse. Immunostainings of presynaptic marker Synaptophysin and postsyn-
aptic marker PSD-95 were used to investigate the number of synapses in the 
CA1 region of the hippocampus. ROIs were selected on areas with positive 
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staining, excluding negative stained tissue, likely caused by nuclei or other 
cells. Mean intensities were calculated per ROI.

Behavioral tests
Behavioral tests were performed at 1 week, 2 weeks, and 1 month after sur-
gery. Mice were handled by one and the same investigator wearing gloves 
and a laboratory coat. All test chambers, cages, and objects were cleaned 
with non-fragranced disinfectant (1:200; Anistel) before each trial to avoid 
smells of prior mice.
 
Open field test
With the open field test, we measured whether the mice are more or less 
anxious to cross the arena and spend time in the center of an open field. 
Furthermore, we measured the velocity of the mice as well, which is an in-
dication of the quality of their motor functions. Mice were placed in a large 
round cage (diameter 70 cm; height 40 cm) without markings on the floor 
or the walls. Mouse movement was observed with a ceiling camera and was 
traced using Ethovision version 11.5 (Noldus, the Netherlands) for 5 min-
utes. Parameters for analysis were body location and velocity (cm/s). A dig-
ital center circle of 25 cm was assigned and the total time of body location 
spent in the center versus the outer zones was calculated. 
Novel object recognition test
To investigate non-social memory, the novel object recognition test was used. 
Both short and long-term memory were measured. During this task, the abil-
ity to discriminate between a novel and familiar object was measured, based 
on the innate preference of mice for novel over familiar stimuli. Mice were 
placed in a cage with two identical objects for 5 minutes (T0). To measure 
short-term memory, the mice were placed back into their home cage for an 
inter-trial interval (ITI) of 1h (T1), before returning to the test cage. Now, one 
of the objects was replaced for a novel object. The location of the novel ob-
ject was assigned at random, to avoid the possibility that mice spend more 
time at a preferred location. The mice were allowed to freely explore the 
objects for 5 minutes. For long-term memory, this procedure was repeated 
after an ITI of 24h (T24) from T0, but with a different novel object. Objects 
used were transparent bottles for familiar objects, a round metal flask for 
T1 novel object, and a tall round glass without print for T24 novel object. 
Mice were unable to mount the objects. Mouse movements were recorded 
with a camera. The time spent at objects was measured manually with the 
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use of stopwatches. Video file names were blinded to the investigator. Dis-
crimination capacity was calculated as the preference for the novel versus 
the familiar object following the formula: tN/(tN+tF), where tN is time spent 
exploring the novel object and tF is the time spent exploring the familiar 
object. A ratio above 0.5 indicates a preference for the novel object. Passive 
contact with objects and attempts to climb the objects were not scored as 
object exploration. Mice that explored none of the objects for ≥1 sec were 
excluded from analysis. 

Three chamber social interaction test
To measure memory in a social context, as well as social initiating behav-
ior, the three-chamber social interaction test was used. The test chamber 
consists of 3 separate compartments, separated with transparent walls with 
doors. Mice were habituated in the middle chamber for 5 minutes. Thereaf-
ter, the doors were opened. Both outer chambers have a small round open 
cage with iron bars, for the mice to be able to see and smell each other. At 
T0, one cage is empty, the other has an unfamiliar stimulus mouse inside. 
Stimulus mice were non-litter mates, and housed in separate rooms from the 
test mice. During T0, the test mouse could freely move between the three 
chambers for 10 minutes. Mouse movement was recorded with a camera. 
Time spent exploring both cages was measured. Discrimination capacity was 
calculated as the preference for the mouse versus the empty cage following 
the formula: tM/(tM+tE), where tM is time spent exploring the cage with 
the mouse and tE is the time spent exploring the empty cage. A ratio above 
0.5 indicates a preference towards the mouse, indicating social initiation 
behavior. After T0, the test mouse is placed back into its home cage for 5 
minutes. During this time, a novel stimulus mouse is placed into the empty 
round cage. During this task, the ability to discriminate between a novel and 
familiar mouse was measured, based on the innate preference of mice for 
novel over familiar stimuli. The test mouse was placed back and could freely 
move between the three chambers for 10 minutes (T1). Time spent explor-
ing both smaller cages was measured manually. Discrimination capacity was 
calculated as the preference for the novel mouse versus the familiar mouse 
using the formula: tNm/(tNm+tFm), where tNm is time spent exploring the 
cage with the novel mouse and tFn is the time spent exploring the familiar 
mouse cage. A ratio above 0.5 indicates a discrimination towards the novel 
mouse, indicating normal social memory. The investigator doing the analyses 
was blinded for the experimental condition of the mouse (SAH vs. control).
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Statistical analysis
A p-value of ≤0.05 was considered statistically significant. The Student’s 
t-test was used to compare two groups with normal distribution, and a 
Mann-Whitney when the data were not normally distributed. Normal distri-
bution was determined with a Shapiro-Wilk test. One sample t-test was per-
formed to calculate whether groups of mice could distinguish between the 
novel versus the familiar object in the novel object recognition task and be-
tween the novel/familiar mouse in the three-chamber social interaction test, 
and were tested against a theoretical mean of 50%. Correlations between 
discrimination of Novel object and C3/GFAP ratios and the Synaptophysin/
PSD-95 intensities were tested with the Pearson r-test. 

Results

Glial reaction after aneurysmal SAH in human cortex

First, we aimed to determine whether astrocytes and microglia in the hu-
man brain respond to an aneurysmal SAH and show signs of reactive gliosis. 
We found a doubling of the microglia surface area in the grey matter in SAH 
patients compared to controls (representative images of controls and SAH 
patients in Figure 1A and 1B, respectively; Statistic characteristics in Sup-
plementary Table 1; Figure 1C) and also a doubling in the number of lba-1+ 
microglia after SAH compared to controls (Statistic characteristics in Supple-
mentary Table 1; Figure 1D). We did not find a difference in length of Iba-1+ 

processes when comparing control to SAH (Supplementary Figure 1A). Our 
Sholl analysis of Iba-1+ positive cells showed that the number of intersec-
tions was slightly reduced after SAH, however, presumably due to high vari-
ation between cells, this was not significantly different between the groups 
(Supplementary Figure 1B). 
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The immunopositive surface of the astrocytic intermediate filament protein 
GFAP was significantly increased in the grey matter of the frontal cortex in 
patients with an SAH (representative images for controls and SAH patients 
in Figure 2A and 2B, respectively; Statistic characteristics in Supplementary 
Table 1; Figure 2C). The intensity of the GFAP immunostaining was increased 
after SAH (Statistic characteristics in Supplementary Table 1; Figure 2D). Tak-
en together, we show here that there is a clear indication that microglia and 
astrocytes are activated after SAH. 

Figure 1. Microglia/macrophage activation in the grey matter of the frontal cortex after 
SAH in patients. A) Representative image of Iba-1+ cells in the human frontal cortex of a 
control donor, and B) a SAH patient. C) Iba-1 is increased after human SAH. D) The number 
of Iba1+ cells is increased after human SAH. Scale bars: 40µm, points in graphs represent 
individuals; Student’s t-tests; * p=<0.05; ** p=<0.01; Bars and error bars in mean±SEM.
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Figure 2. Astrocyte activation in the frontal cortex after SAH in patients. A) Representative 
image of GFAP positive cells in the human frontal cortex of a control donor, and B) SAH pa-
tient. C) GFAP area is increased after human SAH. D) The intensity of GFAP is also increased 
after human SAH. Scale bars: 40µm; points in graphs represent individuals; Student’s t-tests; 
** p=<0.01; Bars and error bars in mean±SEM.

The endovascular perforation SAH mouse model mimics SAH in patients 
based on the number of survivors and neurological condition.
An overview of the mouse experiments is shown in Figure 3A. All control 
mice survived the sham surgery, and in the SAH group, 68% survived the ini-
tial 14 days after the experimental SAH surgery. Both control and SAH mice 
lost weight after surgery, but the control mice quickly gained weight from 
day 2 after surgery. The SAH mice dropped in weight until day 4 and start-
ed to gain weight thereafter (Figure 3B). All mice were assessed for motor, 
balance, and sensory behavior problems, with a maximum score of 18 in 
unaffected mice. All control mice were neurologically unaffected, as these 
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mice had a maximum score of 18 on day 1 after surgery. The SAH mice clearly 
showed a drop in the neurological score on day 1 after surgery, but improved 
gradually in performance on each following day until reaching the maximum 
score of 18 on day 10 after surgery (Figure 3C).

SAH mice move with a higher velocity and spent more time in the center of 
an open field arena

To test whether SAH induced anxiety-related behavior, we performed the 
open field test. There was no difference between the control and SAH groups 
at 1 and 2 weeks after surgery (Statistic characteristics in Supplementary Ta-
ble 2; Percentage in center at 1 week after surgery in Figure 3D; and at 2 
weeks after surgery in Figure 3E). However, at 1 month after surgery, the SAH 
mice differed from the control group by spending more time in the center 
of the open field arena (Statistic characteristics in Supplementary Table 2; 
Figure 3F).
There was no difference in velocity between control and SAH mice at 1 and 
2 weeks after surgery (Statistic characteristics in Supplementary Table 2; Ve-
locity at 1 week in Figure 3G; and at 2 weeks in Figure 3H). SAH mice had a 
higher velocity than control mice at 1 month after surgery (Statistic charac-
teristics in Supplementary Table 2; Figure 3I). Taken together, these results 
suggest that at 1 month after surgery the SAH mice are more active or less 
anxious than the control mice. 
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Figure 3. Study overview, mouse characteristics, and open field test. A) Mice were tested 
for behavioral impairments at 1 week (B1W), 2 weeks (B2W), and 1 month (B1M) after 
sham/SAH surgery. Mice were killed for morphological and immunocytochemical analysis 
at 2 weeks (P2W) or 1 month (P1M) after sham/SAH surgery. B) Repeated weight measure-
ments, and C) Neurological scores in the first two weeks after surgery. D) Time spend in the 
center of the open field test between control and SAH mice at 1 week after surgery, E) at 2 
weeks after surgery, and F) at 1 month after surgery. G) Velocity (cm/s) between control and 
SAH mice at 1 week after surgery, H) at 2 weeks surgery and I) at 1 month after surgery. Stu-
dent’s t-test for velocity at 1 week; Mann-Whitney test for velocity at 2 weeks and 1 month; 
Mann-Whitney test for % in center at 1 and 2 weeks after surgery, Student’s t-test for % in 
center at 1 month after surgery; * p=<0.05; Bars and error bars in mean±SEM.
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SAH mice display memory impairments
Next, we investigated whether the short- and long-term contextual mem-
ory was affected after an SAH by assessing the behavior of the mice in the 
novel object recognition test. With an ITI of 1 hour, testing the short term 
memory, control mice were able to distinguish the novel object from the 
familiar object, whereas the SAH mice were not, at 1 week after surgery 
(Statistic characteristics in Supplementary Table 3; Figure 4A). Both groups 
were able to distinguish the novel object from the familiar object at 2 weeks 
after surgery. However, when comparing the groups, the control mice were 
significantly better in recognizing the novel object than the SAH mice (Sta-
tistic characteristics in Supplementary Table 3; Figure 4B). At 1 month after 
surgery, both groups were also able to distinguish the novel object from the 
familiar object, without a significant difference between the groups (Statistic 
characteristics in Supplementary Table 3; Figure 4C). 
We also tested long-term memory, with an ITI of 24 hours. Both groups were 
able to distinguish the novel object from the familiar object, at 1 week after 
surgery. However, there was no significant difference between the groups 
(Statistic characteristics in Supplementary Table 3; Figure 4D). Control mice 
were able to distinguish the novel object from the familiar object, whereas 
the SAH mice were not, at 2 weeks after surgery, and there was a significant 
difference between groups (Statistic characteristics in Supplementary Table 
3; Figure 4E). Finally, control mice were able to distinguish the novel object 
from the familiar, whereas the SAH mice were not, at 1 month after surgery. 
(Statistic characteristics in Supplementary Table 3; Figure 4F). These data in-
dicate that besides short term memory impairments, SAH mice also have 
long-lasting long-term memory impairments. 
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Figure 4. Short- and long-term memory impairments after SAH. A) Short-term novel object 
recognition at 1 week after surgery, B) at 2 weeks after surgery, and C) at 1 month after 
surgery. D) Long-term novel object recognition at 1 week after surgery, E) at 2 weeks after 
surgery, and F) at 1 month after surgery. Student’s t-tests between groups, * p=<0.05, ** 
p=<0.01, one sample t-tests against a theoretical mean of 50%, # p=<0.05; ### p=<0.001; 
Bars and error bars in mean±SEM.

No social interaction deficits in mice with SAH

Next, we tested whether mice with SAH also had difficulties with social in-
teractions towards unknown mice. We used the three-chamber social Inter-
action test for this. We did not find any significant differences between the 
control and SAH mice in interacting with the unknown mouse, at any time 
point (Statistic characteristics in Supplementary Table 4; 1 week in Supple-
mentary Figure 2A, 2 weeks in Supplementary Figure 2B, and 1 month in 
Supplementary Figure 2C). Next, a novel mouse was put into the previously 
empty cage. Again, there is no preference toward the novel mouse over the 
familiar mouse, at any of the time points, by both control and SAH mice. 
Control and SAH mice are unable to distinguish the novel over the familiar 
mouse and there was no significant difference between the groups (Statistic 
characteristics in Supplementary Table 4; 1 week in Supplementary Figure 
2D, 2 weeks in Supplementary Figure 2E, 1 month in Supplementary Figure 
2F). 
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Glial activation after SAH in mice and Complement C3 in astrocytes is asso-
ciated with long-term memory impairments. 

The next step was to determine the cellular changes that could account for 
the behavioral changes. First, we assessed the extent of reactive gliosis in 
the hippocampus of the mice. We quantified the Iba-1 and GFAP immunoflu-
orescence in the CA1 region of the hippocampus, as this area is implicated 
in contextual memory. We focused on brain tissue perfused at 2 weeks after 
surgery, as the memory impairments were most apparent at that time point. 
The Iba-1 area was larger in the hippocampus of SAH mice compared to con-
trols (Representative images of control and SAH mice in Figure 5A and 5B, 
respectively; Statistic characteristics in Supplementary Table 1; Figure 5C). 
Moreover, the number of Iba1+ cells was larger in the hippocampus of SAH 
mice compared to control mice (Statistic characteristics in Supplementary 
Table 1; Figure 5D). 

To quantify the immune activation of astrocytes, we analyzed the GFAP and 
complement C3 protein expression by immunostaining (representative im-
ages of both control and SAH mice; Figure 6A). We assessed astrocyte ac-
tivation in the medial prefrontal cortex (mPFC) and the hippocampus of 
mice. We included the mPFC as a control region. The number of GFAP+ cells 
is higher in the medial prefrontal cortex of SAH mice than in control mice 
(Statistic characteristics in Supplementary Table 1; Figure 6B). GFAP intensity 
was similar between control mice and SAH mice, at 2 weeks after surgery 
(Statistic characteristics in Supplementary Table 1; Figure 6C). Furthermore, 
the amount of C3 in GFAP+ cells in the medial prefrontal cortex did not differ 
between control and SAH mice (Figure 6D).
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Figure 5. Iba-1 positive cells in the hippocampus of mice. Representative image of Iba-1 
positive cells in the CA1 region of the hippocampus of A) control mice, and B) SAH mice. 
C) Iba-1 area and D) the number of Iba-1 cells in the CA1 region of the hippocampus were 
increased in SAH mice at 2 weeks after surgery. Scale bars: 40µm; points in graphs represent 
individual mice; Mann-Whitneys tests; * p=<0.05; Bars and error bars in mean±SEM.
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> Figure 6. Complement C3 in astrocytes is associated with long-term memory impair-
ments. A) representative images of complement C3 and GFAP immunostaining in the CA1 
region of the hippocampus of a Sham control mouse and an SAH mouse. B) The number of 
GFAP+ cells, C) GFAP intensity and D) the C3 abundance in GFAP+ cells, in the medial prefron-
tal cortex at 2 weeks after surgery. E) the number of GFAP+ cells, F) GFAP intensity, and G) the 
C3 abundance in GFAP+ cells in the CA1 region of the hippocampus at 2 weeks after surgery. 
H) Correlation between C3 in GFAP+ cells and short-term memory, indicated as the ability to 
recognize novel object over a familiar object at 1 hour after familiarization and I) Correlation 
between C3 in GFAP+ cells and short-term memory, indicated as the ability to recognize nov-
el object over a familiar object at 1 hour after familiarization. Students t-tests in C, D, E, F and 
in G; Mann-Whitney tests in B, Pearson’s correlation in H and I, *p<0.05. Circles and squares 
in graphs are means of individual mice; Bars and error bars in mean±SEM.
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Within the hippocampus, the number of GFAP+ cells was similar between 
control and SAH mice at 2 weeks after surgery (Statistic characteristics in 
Supplementary Table 1; Figure 6E). Moreover, also the GFAP intensity was 
similar between control mice and SAH mice (Statistic characteristics in Sup-
plementary Table 1; Figure 6F). Due to high variability in C3 positivity per cell 
within one image (Figure 6A), we assessed the C3 abundance per GFAP+ cell, 
and calculated the C3/GFAP ratio within these cells. We found that GFAP+ 

cells in SAH mice had higher C3 levels than in control mice, and that there 
were more cells with high C3/GFAP ratios in SAH than in control mice (Sta-
tistic characteristics in Supplementary Table 1; Figure 6G). Next, we calculat-
ed the average C3/GFAP ratio in GFAP+ cells per mouse and tested whether 
there was a correlation with the memory impairments. The C3/GFAP ratio in 
GFAP+ cells per mouse did not correlate to short-term memory performance 
(Pearson’s r=-0.26, p=0.20; Figure 6H), but correlated negatively with long-
term memory performance (Pearson’s r=-0.48, p=0.02; Figure 6I). 

Hippocampal synapse numbers are unaltered after SAH

Next, we investigated whether SAH could have impacted the communica-
tion between neurons. We hypothesized that the number of synapses in the 
hippocampus could be altered, in particular, due to excessive pruning by 
complement activated microglia. To test this, we performed immunostain-
ings of the presynaptic marker Synaptophysin 1 and the postsynaptic marker 
PSD-95. We quantified the immunofluorescence of both markers in the CA1 
region of the hippocampus (representative images of both control and SAH 
mice; respectively, Figures 7A and B). The intensities of both Synaptophysin 
and PSD-95 were similar between control mice and SAH mice, at 2 weeks af-
ter surgery (Synaptophysin: Statistic characteristics in Supplementary Table 
1; Figure 7C and PSD-95: Statistic characteristics in Supplementary Table 1; 
Figure 7D). Furthermore, we investigated whether the ratio of pre- and post-
synapses was changed. We tested this by correlating the intensities of both 
pre- and postsynaptic markers of all mice in each group. There were strong 
positive correlations between the pre- and postsynaptic markers, and these 
were comparable for both groups (control: Pearson’s r=0.61; p=0.012 and 
SAH: Pearson’s r=0.79; p=<0.0001; Figure 7E). These data indicate that the 
number is synapses in the hippocampus is unaltered after SAH. 
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Figure 7. Pre- and postsynaptic markers are not altered after SAH, compared to controls. 
A) representative images of synaptophysin and PSD-95 immunostaining in the CA1 region 
of the hippocampus of a Sham control mouse and an SAH mouse. B) The mean intensity of 
Synaptophysin and C) PSD-95. D) Correlation between intensity of Synaptophysin PSD-95. 
Scale bars are 12µm; Circles and squares in graphs are means of individual mice; Student’s 
t-tests in C and D, n.s.: not significant; Pearsons correlation in E, * p=<0,05; *** p=<0.0001. 
Bars and error bars in mean±SEM. 

Discussion
We found that both microglia and astrocytes were activated in the brains of 
SAH patients and SAH mice. In our mouse model that showed highly similar 
characteristics to human pathology. We found differences in exploration be-
tween control and SAH mice, as well as memory impairments in SAH mice. 
These memory impairments correlated to the degree of C3 positive astro-
cytes in the hippocampus. 
We investigated the glial response in the human frontal cortex. Our collec-
tion consists of a highly variable group of patients that died of aneurysmal 
SAH. Brain tissue of patients who died of an aneurysmal SAH is rare, how-
ever, we had access to tissue of 11 patients. Unfortunately, we neither had 
access to brain tissue of SAH patients who initially survived the insult, nor 
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of patients with known cognitive impairments. The aneurysm location was 
different in each case and patients died at different time points after the ini-
tial SAH, and at different ages. This resulted in a variability in glial activation. 
Yet, we found significant differences in the glial response between control 
patients and SAH patients. In human tissue of the frontal cortex, we found 
an immune activation of microglia or macrophages, as indicated by the in-
crease in surface area stained for Iba-1, and the number of Iba-1+ cells. We 
used Iba-1 immunostainings as a marker for microglia, the brain resident im-
mune cells, however, Iba-1 is also a marker for macrophages (15). Therefore, 
we could not make the distinction in microglia and macrophages. In rodent 
SAH studies, however, it has been shown that the glia response is primarily 
orchestrated by the microglia, and there is only little infiltration of macro-
phages (16).
To investigate the glia response in humans, the focus has been primarily on 
the microglia response, and little is known about the astrocytic response in 
human SAH patients. Increased levels of GFAP and S100b were found in the 
serum of patients (17). However, this might be due to increased cell death, 
rather than a cellular glial response. On a cellular level, a disruption in AQP4 
was found in the hippocampus of human patients, suggesting that astrocytes 
do change in response to SAH (18). Here, we have also shown an increase in 
the number of GFAP+ astrocytes. GFAP positivity in cortical astrocytes is asso-
ciated with their reactivity (19), and this further suggests that there is indeed 
gliosis in the brains of SAH patients in which both microglia and astrocytes 
are involved. 
To make the correlation with behavior, we have set up the endovascular per-
foration mouse model for SAH. We showed that in the mouse cortex the 
number of GFAP+ cells was increased, but this was not obvious in the hippo-
campus. A possible explanation could be the heterogeneous response by dif-
ferent populations of astrocytes (20). In the hippocampus, the astrocytic re-
sponse may have been more subtle, and different markers for gliosis should 
be explored. However, we did find activated microglia in the hippocampus 
of these mice. This suggests that the microglia respond more fiercely to the 
insult than the astrocytes, at least at the two week time point. It would be 
interesting to investigate the glial response also at 1 month, as the SAH mice 
also show cognitive deficits at that timepoint. 

We found several unexpected results in the behavioral tests. For the open 
field test, we did not expect that the SAH mice would have a higher velocity 
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at 1 month after surgery. We also did not expect that the SAH mice would be 
more prone to go into the center, indicating that SAH mice were less anxious. 
One explanation could be that these mice were less restrained. Although 
the behavioral traits affected after an SAH in patients is very heterogenous, 
impulsivity and disinhibited behavior are among these (1, 21). However, it 
may also be that control mice become less explorative at their third time in 
the open field. We saw a trend of a decreased velocity between 2 weeks and 
1 month. Moreover, control mice are significantly less in the center between 
2 weeks and 1 month. This change in exploration between 2 weeks and 1 
month was not observed in SAH mice. As we have found that memory is im-
paired in SAH, the SAH mice may not remember the Open Field test chamber 
as good as the control mice did, and thus explore it more each time they are 
in it. 

The three-chamber social interaction test was performed to study how the 
mice interact with unknown mice as well as their interaction with a familiar 
mouse and a novel mouse. We were unable to find significant differences in 
performance between the control and SAH mice, at any time point. How-
ever, the absence of findings have been reported elsewhere, in which the 
three-chamber social interaction test gave unexpected results (22). Unex-
pectedly, the control mice did not perform the task as it was reported before 
on normal C57bl/6J mice (23). This may suggest that the control mice were 
also affected by their surgery (e.g. by the use of the anesthetics). We did not 
include an extra group of controls without any surgery, so it is not clear how 
well our sham-operated mice perform compared to non-operated mice. It 
would be interesting to examine the impact on behavior from the sham sur-
gery alone. 

Long-term memory impairments are common in SAH patients (24). The SAH 
mice in this study also had memory impairments, as indicated by the disabil-
ity to recognize the novel object over the familiar object after 1 hour and 
24 hours, for short and long-term memory, respectively. The mice showed 
that SAH mice have difficulties with short-term memory, especially at 1 and 
2 weeks after surgery, but seemed to improve after 1 month. This was sur-
prising, as, in human patients, the memory impairments are long-lasting. 
However, at 1 month, SAH mice were unable to recognize the novel object 
during the long-term memory test, suggesting the long term memory im-
pairments were long-lasting. To determine cellular changes, we focused on 
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the hippocampus, as this brain area is particularly involved in this type of 
memory (25). We found an increase in microglia in the hippocampus but 
there was no increase in the classical astrocyte reactive gliosis marker GFAP. 
However, recent studies suggest that there are different ways to examine 
the reactivity of astrocytes; the neurotoxic “A1” type astrocytes could be 
detected with the complement C3 marker (9). Indeed, we found that the 
GFAP+ cells in the hippocampus of SAH mice have a higher C3/GFAP ratio. 
Interestingly, this ratio correlated negatively to the ability to recognize the 
novel object over the familiar object. This suggests an association between 
complement C3 in astrocytes and long-term memory impairments. Comple-
ment C3 has been linked with memory before, as C3 knockout mice have 
improved spatial memory compared to control mice (26). Furthermore, the 
neurotoxic astrocytes may create a harmful environment that affect neuro-
nal survival and changes their performance in maintaining memory (27, 28). 
The mechanisms by which neurotoxic astrocytes become harmful is not yet 
fully understood, but fragmented mitochondria and other particles released 
from activated astrocytes are toxic to neurons (7, 29). It would be interesting 
to investigate the toxicity of these astrocytes, e.g. by assessment of neu-
ronal cell death. The other possibility for the memory impairments is that 
complement is involved in the maintenance of synapses. In association with 
microglia and astrocytes, complement-tagged synapses get pruned (10). 
This happens both in normal development and healthy brains, but it is also 
associated with brain diseases, likely due to excessive pruning after uncon-
trolled complement activation (30–32). However, our data does not indicate 
a change in the number of synapses after SAH. Recently, it was found that 
synapse function can be altered by microglia by remodeling the extracellular 
matrix (33). It would be interesting to investigate whether the glial activation 
after SAH causes other types of altered neuronal communication. 
In conclusion, we found both activated microglia and reactive astrocytes in 
the brain tissue of SAH patients. Using the endovascular perforation SAH 
mouse model, we also found activated microglia, reactive astrocytes in the 
PFC, and complement C3 activated astrocytes in the hippocampus of these 
mice. These mice also had memory impairments. Interestingly, there was a 
correlation between the C3 positive astrocytes and long-term memory. It 
would be interesting to investigate this further, to find out that this is not 
merely a correlation but also a cause of memory impairments after SAH. 
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Supplementary Figure 1. Process length in microglia in the human cortex. A) The pro-
cess length of Iba-1+ cells was unchanged after SAH. B) Sholl analysis of Iba-1+ positive cells 
showed a trend in higher short processes and fewer long processes after human SAH, as the 
number of intersections is up within 12µm of the soma and down from 20µm in the grey 
matter of the frontal cortex. Student’s t-test in A; Bars and error bars in mean±SEM.
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After experimental subarachnoid hemorrhage, 
the pool of quiescent neurogenic astrocytes 
in neurogenic niches is unaffected, showing 
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Abstract
Subarachnoid hemorrhage (SAH) from a ruptured intracranial aneurysm 
is a severe subtype of stroke leading to high case fatality and morbidity in 
patients. Subarachnoid hemorrhage causes profound brain damage due to 
an acute increase in intracranial pressure and ischemia due to cessation of 
the blood flow immediately after aneurysmal rupture. Secondary damage is 
likely caused by an immune response, orchestrated by the glial cells in the 
brain. Although the glial response to injury can be detrimental, it can also be 
neuroprotective and can facilitate repair. New-born cells derived from neu-
rogenic astrocytes in the neurogenic niches of the adult brain can migrate 
towards the damaged area and differentiate into cells that contribute to the 
regenerative response. In the endovascular perforation SAH mouse model, 
we determined the number of quiescent neurogenic astrocytes and the fate 
of these cells near the damaged brain areas. Proliferating cells were labeled 
by 5-bromo-2-deoxyuridine (BrdU) and examined at 14 days after SAH. We 
found no differences in the number of BrdU+ neurogenic astrocytes in the 
neurogenic niches between sham-operated (control; n=8) and SAH (n=14) 
mice, indicating that the pool of neurogenic astrocytes is not activated. How-
ever, by observing the brain sections of SAH mice, we found highly dense 
areas of BrdU+ cells, of which some were also positive for the premature 
neuronal marker doublecortin, hinting towards intrinsic self-repair of dam-
aged brain tissue. 
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Introduction
Subarachnoid hemorrhage from a ruptured intracranial aneurysm causes 
high case fatality and morbidity in patients (1). The most important determi-
nant of poor functional outcome after aneurysmal SAH is early brain injury 
directly related to the initial bleeding (2, 3). Other major determinants of 
poor functional outcome are rebleeding of the aneurysm and delayed cere-
bral ischemia (DCI) (4). Currently, there are no effective therapeutic interven-
tions that prevent brain injury. Therapies that enhance repair mechanisms 
after injury may facilitate recovery after SAH.
One such repair mechanism is the brain’s ability to generate new neurons 
(5) in two neurogenic niches, the subventricular zone (SVZ) in the lateral wall 
of the ventricles and the subgranular zone (SGZ) of the dentate gyrus in the 
hippocampus (5, 6). During life, neurogenic astrocytes in these niches pro-
liferate, migrate, and differentiate into new-born neurons. From the SVZ, a 
rostral migratory stream of neuroblasts migrate towards the olfactory bulb 
(7), and the SGZ neurogenic astrocytes proliferate and migrate into the den-
tate gyrus (6), in both cases these cells differentiate into glutamatergic and 
GABAergic neurons. 
Upon injury, such as ischemic stroke and traumatic brain injury, neurogene-
sis is enhanced (8, 9), as shown by an increase in the number of cycling cells. 
Furthermore, the migratory stream of new-born neurons diverts towards the 
injured brain areas, as a repair mechanism (10). Although this mechanism 
has been investigated extensively in ischemic stroke, little is known about 
neurogenesis after SAH. One report shows a decrease in proliferation at the 
neurogenic niches in the first few days after SAH (11). Two contradicting re-
ports show both a stabilization and an increase (11, 12) in neurogenesis ob-
served at 7 days after SAH. However, it is not known whether the change in 
cell proliferation sustains at later time points after SAH and what the fate is 
of the new-born cells. This information is required to determine whether the 
new-born cells facilitate brain repair in the damaged brain areas. 
This study aimed to investigate whether there are long term changes in neu-
rogenesis in the neurogenic niches after SAH, and whether there are indica-
tions of brain repair after SAH. We investigated this using the endovascular 
perforation mouse model and sham-operated control mice. Proliferating 
cells were labeled with BrdU before surgery and their number and fate were 
examined 14 days after SAH. 
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Materials and Methods
Endovascular perforation mouse model
All animal experiments were approved by the Institutional Animal Care and 
Use Committee of the University Medical Center Utrecht (UMCU), The Neth-
erlands. Mice were originally purchased from Jackson Laboratory, USA, and 
further bred at the UMCU. Mice were weaned at 21 days, ear-punched for 
identification purposes, and housed with littermates in groups of 6-8 mice 
per cage. Adult male C57bl6/J mice of 2-3 months of age were randomly 
assigned to the sham (n=8) or SAH (n=14) group. Before anesthesia, mice 
were injected intraperitoneally with an analgesic (Carprofen; 5 mg/kg, in a 
volume of 100 µl/10g). Anesthesia was injected intraperitoneally in a volume 
of 100 µl/10g (Ketamine; 75 mg/kg, medetomidine; 1 mg/kg). The surgery 
was done according to a previously published method (13). In short, an inci-
sion was made on the right side of the neck of the mouse, and the external 
carotid artery was exposed. A black nylon filament with a blunt tip (size 5-0, 
Ethicon) was inserted into the external carotid artery to the internal carotid 
artery. During filament insertion, a clip and sutures around the external ca-
rotid artery prevented the spilling of blood. In SAH mice, the nylon filament 
was advanced into the circle of Willis, and advanced further to perforate the 
vessel wall of the middle cerebral artery. Thereafter, the filament was re-
tracted quickly to restore normal blood flow into the internal carotid artery 
and induce a SAH. In the sham control mice, the nylon filament was retracted 
before hitting the vessel wall. After removal of the nylon filament, the right 
external carotid artery of mice was ligated. 

Post-surgery care
Mice were housed in groups, with a normal day-night cycle (white lights on 
from 7:00-19:00 hr). Cages were enriched with sawdust and tissues. Regu-
lar chow and water were provided ad libitum. After surgery, the chow was 
provided in heated water to soften it. Mice received one dose of analgesic 
24h after the surgery. Cages were placed on top of a heating mat at 37°C 
after the surgery for 2h. The cages were placed half over the heating mat for 
up to 48h, for the mice to choose between heated or normal temperature. 
Mouse weight and neurologic scores were measured daily for the first two 
weeks after surgery and 3 times a week thereafter. Neurological scoring was 
performed according to the method of Sugawara et al. (14). Mice that lost 
>20% of their weight after the surgery, without showing signs of improved 
neurological scores were killed and were removed from the experiment. 
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BrdU injections
Mice received 5-bromo-2-deoxyuridine (BrdU; 150 mg/kg/day in a dose for 
100 µl/10g; Sigma) by intraperitoneal injection, on two consecutive days be-
fore the sham or SAH surgery and one injection during surgery (15). Mice 
were killed 14 days after the surgery. 

Immunofluorescent histochemistry
Brains were fixed by transcardial perfusion with 4% paraformaldehyde in 
phosphate-buffered saline (PBS: 0.137M NaCl; 0.0027M KCl; 0.01 M Na2H-
PO4; 0.0018M KH2PO4, pH= 7.4). Brains were kept in 4% paraformaldehyde 
in PBS for two days and then were transferred to 30% sucrose in PBS for two 
days. Brains were frozen in -55°C isopentane and stored at −80°C until slic-
ing. Coronal cryosections of 20 µm were thaw-mounted on Superfrost Plus 
slides (VWR), dried at room temperature (RT) for 1 h, and stored at −80°C 
until use. The slides were post-fixed by incubation in 4% paraformaldehyde 
in PBS for 10 minutes and subsequently washed in PBS. Slides were either 
incubated in preheated HCl (2N) for 30 minutes in a 37°C incubator, followed 
by borate buffer (0.1M) at RT for 15 minutes to quench the acidity of HCl, or 
were incubated in 10 mM sodium citrate solution (Merck), 0.05% Tween 20 
(Millipore Corporation), pH 6.0, by heating the sections in a steamer at 96°C 
for 20 minutes. Subsequently, slides were washed three times in PBS / 0.4% 
Triton-x100, and were incubated in the blocking buffer (0.25% BSA, 0.4% tri-
ton-X in PBS) at RT in a humidified chamber for 1 hour. Then, the slides were 
incubated with primary antibodies overnight (diluted in 0.25% BSA, 0.4% tri-
ton-X in PBS; overview of antibodies and dilutions in Table 1. The slides were 
washed for three times with PBS / 0.4% Triton-x100 for 10 minutes. Second-
ary antibodies were diluted in PBS / 0.25% Triton-x100 and incubated for at 
room temperature 1 hour. Donkey anti-rat 488 (1:1000; Dylight, Invitrogen) 
and Donkey anti-rabbit 594 (1:1000; Alexa Fluor, Thermo-Fisher) were used 
as secondary antibodies. Nuclei were stained with Hoechst (1:5000; Invit-
rogen H3569, Life Technologies). Finally, the sections were washed in PBS 
/ 0.25% triton-X for three times 10 minutes and embedded with Fluorsave 
(Merck Millipore). 
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Image acquisition and analysis 
The SVZ at the lateral ventricles and SGZ of the dentate gyrus were imaged. 
At the time of imaging, the investigator was blinded for the experimental 
group (SAH or sham). The sections were imaged with a 20x magnification on 
an epifluorescent microscope (Zeiss AxioImager M2 fluorescent microscope 
with N-Achroplan objectives, AxioCam MRm camera and Software Zen 2011) 
and with a 60x magnification on a confocal microscope (Olympus Fluoview 
FV1000 laser scanning microscope with a UPlan Apo N objective). BrdU+ cells 
were counted manually. BrdU+/Iba1+ cells, that represented dividing microg-
lia, were also counted manually. Cells up to 10µm from the lateral ventricles 
in the brain sections (left and right, anterior, and posterior) were counted. 
The mean number of cells for up to 4 lateral ventricles per mouse were cal-
culated. 

Statistical analysis
A p-value of <0.05 was considered statistically significant. Statistics were 
calculated using GraphPad Prism (GraphPad Software, Sandiego, USA). Stu-
dent’s t-tests were used for parametric testing and the Mann-Whitney test 
was used for non-parametric testing. 

Results

Characteristics of the endovascular perforation SAH mouse model 
An overview of the mouse experiments is shown in Figure 1A. Both control 
and SAH mice lost weight after surgery, but the control mice gradually gained 
weight from day 2 after surgery. The SAH mice dropped in weight until day 
5 and started to gain weight thereafter (Figure 1B). All mice were assessed 
for balance, motor, and sensory behaviour problems, with a maximum score 
of 18 in unaffected mice. Most control mice were neurologically unaffected, 
with one control mouse that responded a bit slow to touch, resulting in a 
slightly lower mean neurological score during the first two days after the 
surgery (Figure 1C). The SAH mice clearly showed a drop in the neurological 
score on day 1 after surgery, but improved gradually in performance on each 
following day (Figure 1C). All control mice survived the sham surgery, and in 
the SAH group, 67% survived the initial 14 days after the experimental SAH 
surgery (Figure 1D).
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Figure 1. Study overview and mouse characteristics. A) Mice were injected with BrdU on 
days -2, -1, and the day of the Sham/SAH surgery (day 0). Mice were then weighted and test-
ed for neurological scores daily for 14 days. Mice were killed and perfused for immunocyto-
chemical analysis 14 days after sham/SAH surgery. B) Repeated weight measurements, and 
C) Neurological scores in the 14 days after surgery. D) Survival pie charts for sham-operated 
control mice and SAH mice. Mean ± SEM.

No difference in number of quiescent neurogenic astrocytes, but a decrease 
in the number of proliferating microglia in the SVZ after SAH.

To study whether the number of mitotic cells is changed after an SAH, we 
first counted the number of BrdU+ neurogenic astrocytes in the SVZ, two 
weeks after surgery, as new-born neurons are the progeny of these cells. The 
neurogenic astrocytes are identified by immunostaining for both GFAP and 
BrdU. In both the control and SAH mice, most BrdU+ cells in the SVZ co-lo-
calized with the GFAP-immunostaining, confirming that these cells were in-
deed neurogenic astrocytes (Figure 2A). We also observed BrdU+ cells that 
did not co-localize with GFAP-immunostaining, close to the SVZ. These cells 
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were immunopositive for the microglia/macrophages marker Iba-1 (Figure 
2B). With the combined BrdU and Iba-1 immunostaining, we could identify 
brain areas with increased microglia activity and make a distinction between 
the BrdU+ neurogenic astrocytes and the mitotic microglia in the SVZ. Repre-
sentative images are shown for both control (Figure 2C) and SAH mice (Fig-
ure 2D). Iba-1 positivity seemed to be increased after SAH, suggesting there 
were activated microglia after SAH (data not shown). We found no difference 
in the number of BrdU+ cells that were negative for Iba-1 (hereafter referred 
to as BrdU+/Iba-1- cells) in the SVZ between the SAH and control mice at 2 
weeks after surgery and the last BrdU injection (control Mean ± SEM: 1.0 
± 0.2, n=8 mice; SAH: 1.3 ± 0.2, n=14 mice, Student’s t-test t=0.8; p=0.41; 
Figure 2E). We found a reduction in the number of BrdU positive microglia/
macrophages (hereafter referred to as BrdU+/Iba-1+ cells) in the SVZ of SAH 
compared to control mice 14 days after surgery and last BrdU injection (con-
trol: Mean ± SEM: 0.08 ± 0.03, n=8; SAH: 0.03 ± 0.01, n=13, Student’s t-test 
t=2.2; p=0.04, Figure 2F). 

No difference in the number of quiescent neurogenic astrocytes and the num-
ber of proliferating microglia in the SGZ after SAH.
Next, we quantified the number of BrdU+/Iba1- and BrdU+/Iba1+ cells in the 
other neurogenic niche, the SGZ of the dentate gyrus. In both control mice 
and SAH mice, we found only a few BrdU+ cells within the dentate gyrus 
(representative images are shown in Figures 2A and 2B). There was no dif-
ference in the number of BrdU+/Iba-1- cells in the SGZ between the control 
and SAH mice at 2 weeks after surgery and the last BrdU injection (Control 
mean ± SEM: 5.5 ± 1.7, n=7; SAH: 5.1 ± 1.2,0 n=12; Student’s t-test t=0.2; 
p=0.85; Figure 2C). Furthermore, there was also no difference in the number 
of BrdU+/Iba-1+ between the groups at the same time point (Control mean ± 
SEM: 1.6 ± 0.3, n=7; SAH: 1.3 ± 0.3, n=12; Mann-Whitney test U=27; p=0.22; 
Figure 2D).
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Figure 2. BrdU positive cells in the subventricular zone, two weeks after surgery, and the 
last BrdU injection. A) Close up of BrdU+/GFAP+ neurogenic astrocytes in the SVZ. B) Close 
up of a  BrdU+/Iba-1+ cell near the SVZ. C) Representative image of BrdU+ cells in the Sham 
SVZ and D) in the SAH SVZ. E) Quantification of the number of BrdU+/Iba-1- cells per 100 
μm SVZ, and F) BrdU+/Iba-1+ cells per 100 μm SVZ. For images: nucleic marker Hoechst in 
blue; BrdU staining in green; GFAP or Iba-1 in red; Scale bars for A = 10 µm, B = 5µm, C and 
D = 40 µm.  Student’s t-tests; n.s.: not significant, * p<0.05; Mean ± SEM; dots and squares 
represent mean per mouse.
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Figure 3. BrdU positive cells in the sub-granular zone of the dentate gyrus, two weeks 
after surgery and last the BrdU injection. A) Representative image of the dentate gyrus of 
a control and B) an SAH mouse. C) Quantification of the number of BrdU+/Iba-1- cells and 
D) BrdU+/Iba-1+ cells in the dentate gyrus. For images: nucleic marker Hoechst in blue; BrdU 
staining in green and Iba-1 in red; Scale bar = 40µm; Student’s t-tests; n.s.: not significant; 
Mean ± SEM; dots and squares represent mean per mouse. 

BrdU+ cells near cortical gliosis likely to play a role in neuronal repair.
Next, we investigated the location and the cell fate of BrdU+ cells outside the 
neurogenic niches. We performed immunostainings for BrdU, in combina-
tion with several cell markers, i.e. Iba1 (microglia), DCX (new-born neurons), 
olig2 (oligodendrocytes), and pan-GFAP (astrocytes) (Table 1) to check BrdU+ 

cell location and fate. We randomly selected sections of Sham control and 
SAH mice, for a qualitative analysis.  
We observed many BrdU+ cells along the RMS and within the olfactory bulb. 
Most BrdU+ cells were DCX negative, suggesting these cells were neuronal 
precursors, mature neurons, or non-neuronal cells (Figure 3A). Next, we 
questioned whether there were also BrdU+ cells outside the RMS and ol-
factory bulb. In control mice, we rarely observed BrdU+ cells in the cortex, 
whereas these cells were more abundant after SAH (Figure 3B and 3C). We 
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found areas with high densities of BrdU+ cells in SAH mice only. In these lo-
cations we also observed a higher number of Iba-1 + cells, suggesting that 
microglia in these areas were more activated in response to damage (Figure 
3D). Most of these BrdU+ cells were also Iba-1+, showing an increase in di-
viding microglia in these areas. We also observed some cells that were both 
BrdU+/DCX+ (Figure 3E1

 and E2), indicating the presence of new-born neurons. 
The DCX+ cells were observed in an area from the SVZ towards the damaged 
lateral cortex, suggesting a stream of new-born neurons diverting towards 
the damaged area. We performed several immunostainings for other cell 
markers at those damaged areas, and we showed that the BrdU+ cells were 
negative to Olig2 and GFAP-pan, indicating that no new-born astrocytes and 
oligodendrocytes are present. For immunostaining for BrdU, sections had 
to be treated with either HCl or citrate buffer solution. The immunostaining 
for NeuN (mature neurons), Sox9 (oligodendrocyte precursor cells), and the 
GFAP isoforms GFAPα and GFAPδ to make a distinction between neurogenic 
astrocytes and other astrocytes (16), were not compatible with the staining 
protocol for BrdU (Table 1).

 > Figure 4. Cell fate of BrdU+ cells outside the neurogenic niches. A) Doublecortin 
(DCX+) and BrdU+ cells in the rostral migratory stream (dashed triangle) and olfactory bulb 
(neuroblasts migrate from the RMS into the olfactory bulb in the direction of the arrows). 
B) Sparse BrdU+ cell in the cortex of a control mouse, the cell is DCX-. C) Several BrdU+cells in 
the cortex of an SAH mouse, with Iba-1+ cells that are still ramified (insert depicts ramified 
microglia). D) Dense area of BrdU positive cells with highly active amoeboid Iba-1 positive 
cells (insert depicts amoeboid microglia). The left side of D is towards to cortex, the right side 
is towards the SVZ. E1) DCX+ positive cells, at the Iba1+ dense damaged brain area as depicted 
in D. E2) Same image as in E1, but with BrdU positive cells in green to show some DCX+/ BrdU+ 
new-born neurons. Scale bars: A, B, C, D = 40µm, E = 5µm. Nucleic marker Hoechst in blue, 
BrdU in green, Doublecortin in red in A, B and E1,2, Iba-1 in red in C and D.
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Discussion

Here we investigated whether there are signs of a beneficial glial response 
after SAH leading to increasing levels of self-repair. We investigated the neu-
rogenic niches at two weeks after the induction of SAH. We did not find a dif-
ference in the number of BrdU+ neurogenic astrocytes in either neurogenic 
niche between control and  SAH mice. Interestingly, in SAH mice we found a 
reduction in the number of BrdU+/Iba-1+ microglia/macrophages in the SVZ 
and a trend in reduction in the SGZ, but an increase of these cells in other ar-
eas. Furthermore, we observed BrdU+/DCX+ cells close to the affected brain 
areas with highly activated microglia, suggesting there is intrinsic self-repair 
after SAH in mice.  
Working with BrdU has practical limitations. BrdU only incorporates into di-
viding cells. The amount of incorporated BrdU is halved each time that a cell 
proliferates. After the proliferation of a neurogenic astrocyte, one daughter 
cell moves away, and the other stays to maintain a stable number of quies-
cent cells in the niche (17). In our study, the cells that were counted as BrdU+, 
two weeks after SAH, did not proliferate much, as otherwise the BrdU sig-
nal would have faded. These cells therefore remained mostly in a quiescent 
state. Active and highly proliferating neural stem cells will lose BrdU signal, 
and therefore, the counting at the neurogenic niches may be an underesti-
mation of the neurogenic response. 
It has been shown in several studies that ischemic stroke and traumatic 
brain injury leads to an increase in neurogenesis in the SVZ and SGZ, which 
is facilitated by an increase in proliferation of neurogenic astrocytes in the 
neurogenic niches(8, 9). Neurogenesis in the first week after SAH has been 
described both to increase and decrease in the SVZ in rats (12, 18). In mice, 
there was a decrease in neurogenesis in the first few days after SAH, thereaf-
ter the number of proliferating cells increased or stabilized (11). The absence 
changes in quiescent neurogenic astrocytes in both neurogenic niches at two 
weeks after the SAH, suggests that in our model these cells were not activat-
ed to divide more rapidly. 
We were also interested in the fate of the new-born cells originating from the 
neurogenic niches. In the healthy brain, migrating neuroblasts travel along 
the RMS towards the olfactory bulb (19). After ischemic stroke, these cells 
have been shown to migrate towards ischemic areas in the striatum (10). 
Others have found DCX+ new-born neurons in the striatum at days 7 after 
SAH (12). However, BrdU labeling was omitted in that study, so it is hard to 
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tell whether these cells are the progeny of SAH-induced dividing cells in the 
neurogenic niches. We observed more BrdU+ cells in the cortex in SAH mice, 
suggesting an increase in new-born cells. These cells were also DCX+, further 
suggesting a diversion of migrating new-born neurons from the SVZ/RMS to 
damaged brain areas after SAH. As we investigated the mice at two weeks 
after the SAH, some cells could have fully differentiated to mature neurons. 
Unfortunately, the marker to identify these cells, NeuN, did not work in com-
bination with BrdU. It would be interesting to investigate this further, to test 
for other neuronal markers, and to add a full quantification of the number 
of BrdU+/DCX+ cells in all mice, to get a better understanding of the intrinsic 
self-repair mechanisms after SAH. 
Besides the migration of neuroblasts from the SVZ towards the site of in-
jury, there can be other sources of the new-born neurons in the damaged 
brain areas. In reaction to central nervous system injury, astrocytes outside 
the neurogenic niches also can proliferate (20). This has been observed af-
ter a stab wound injury (21) and ischemic stroke (22). These cells can then 
differentiate into neurons. Another source of new-born cells than the neu-
rogenic niches are local proliferating oligodendrocyte precursor cells (23). 
After traumatic brain injury, these cells start to proliferate faster (24). Faster 
proliferation leads to doublets in the tissue sections, which we did not found, 
nor did we find BrdU+ cells that were also positive for Olig2 or GFAP, suggest-
ing oligodendrocytes and astrocytes were not among the BrdU+ cells. There 
are also microglial stem cells that keep a homeostasis of the amount of mi-
croglia in a healthy brain (25). In both our control and SAH mice, we found 
BrdU+/Iba-1+, which are likely the stem cell microglia. We found a reduction 
in BrdU+/Iba-1+ in the SVZ in the SAH group. This was unexpected, as after 
injury there usually are more microglia (26), and we expected most of them 
would also be BrdU+. There are two likely explanations for this result. Either 
the microglia moved out of the SVZ, or the microglia proliferated vigorously 
and therefore lost all BrdU signal. In the first scenario, there are more BrdU+ 
cells elsewhere in the brain, likely near sites of injury as immune activated 
microglia are known to migrate towards the site of injury (27). Although we 
did not quantify this, there was a clear increase in the number of Iba1+ and 
BrdU+ cells in cortical areas of SAH mice. In the second scenario there would 
also be more microglia in the damaged area, but these are not or lightly BrdU 
positive. Both could be true, and it would be interesting to study this further. 
We found indications of intrinsic self-repair after SAH, as we observed an 
increase in DCX+ new-born neurons. Several studies on therapeutically stim-
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ulating this response have found an increase in new-born cells, and outcome 
after SAH, at least in rodent models (12, 28). However, having new-born 
neurons is not enough, they also need to integrate into the existing neu-
ronal network, by axonal outgrowth and the formation of active synapses. 
Unfortunately, this often seems to fail (29). These new-born neurons migrate 
into areas in which glial cells are highly immune activated. Although these 
activated glial cells produce neurotrophic factors, they also produce factors 
that adverse the outgrowth of axons (30). Solely stimulating proliferation 
and migration of new-born neurons to the site of brain injury, therefore, is 
not enough, and should be combined with a blockade of the production of 
the adverse effects on axonal outgrowth by glial activation. 

In conclusion, the number the quiescent neurogenic astrocytes in the SVZ 
and SGZ is not affected by SAH. There was a reduction in BrdU positive mi-
croglia in the SVZ, likely due to the increased migration of these cells towards 
damaged brain areas. We found signs of increased self-repair after SAH, as 
there were more DCX+ new-born neurons near the damaged brain area. Fur-
ther investigation is needed to study this effect in detail, and should point 
out whether we can stimulate this beneficial glial response, as a treatment 
for SAH patients. 
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Summary

Aneurysmal subarachnoid hemorrhage (SAH) can lead to poor functional 
outcome and cognitive impairment1,2. The most important determinant of 
poor functional outcome after aneurysmal SAH is early brain injury, which is 
directly related to the initial bleeding3,4. Other major determinants of poor 
functional outcome are rebleeding of the aneurysm, and delayed cerebral 
ischemia (DCI), which can occur 4-14 days after the initial bleeding5. In pa-
tients with cognitive impairment, many domains can be affected, such as 
memory, attention, executive function, and language. Upon SAH, there is 
an overwhelming immune response6. The immune response is supposed to 
limit the damage inflicted by the SAH. However, it probably also causes addi-
tional brain injury, which can contribute to functional outcome and cognitive 
impairment. We aimed to characterize the complement and glial responses 
after SAH, and identify their impact on the brain. 
In chapter 1, we systematically reviewed the literature on the glial response 
after SAH until July 2015 (an update is presented in the text below). We also 
gave insights into the potential functional consequences and clinical implica-
tions of this glial response. We discussed how immune activated glial cells 
may affect brain functions after aneurysmal SAH. Furthermore, we focused 
on their contribution to early brain injury, DCI, and cognitive impairment.

In chapter 2, we studied the role of the complement system in the devel-
opment of brain injury after SAH7. We found an increase in the presence of 
complement components C1q and C3 in the brain of SAH patients. Further-
more, we found an association between a single nucleotide polymorphisms 
in the complement gene C5 and poor functional outcome in patients. Pa-
tients with this risk allele had lower plasma C5a levels, although the plasma 
levels did not correlate with poor functional outcome. Moreover, we found 
that complement component C5a levels in cerebrospinal fluid were highly 
increased 1 day after SAH. In mice lacking the C5a receptor, we found a re-
duced microglia response and reduced neural cell death after experimentally 
induced SAH. Moreover, the microglia response and neural cell death were 
also reduced in wildtype mice which were given injections with an antibody 
that prevents the cleavage of C5 into C5a and C5b, after experimentally in-
duced SAH. 
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In chapter 3, we investigated the glial response in the frontal cortex of SAH 
patients. The results suggested an activated state of both astrocytes and mi-
croglia in humans after SAH. Subsequently, we focused on the glial response 
and cognitive changes in an SAH mouse model and found that mice with 
SAH have memory impairment. Furthermore, there was an increased com-
plement/glial response in the hippocampus of mice with SAH, which cor-
related with memory impairment. These results suggests that complement 
activation results in a glial response, which in turn contributes to cognitive 
impairment after SAH. 

In chapter 4, we investigated whether the glial response can be beneficial, 
by having regenerative properties to repair brain tissue after SAH. We did not 
find a difference in the amount of proliferative neurogenic astrocytes within 
the neurogenic niches of the mouse brain two weeks after SAH. However, 
we observed a potential self-repair mechanism that led to induction of new-
born neurons near highly damaged brain areas.  

General discussion
In this part, we highlight and discuss the most important findings, methods, 
and their limitations. We propose an hypothesis on how the complement 
system and glial response are involved in both early and delayed injury after 
SAH. We will also discuss the methods used to study this. We will describe 
possible treatment options that can potentially reduce poor functional out-
come and cognitive deficits after an SAH. And lastly, we will give an overview 
future directions for further studies, based on the results in this thesis. 
To reduce the amount of patients inflicted with an SAH, prevention is key. 
Therefore, smoking should be avoided and hypertension needs to be treated, 
as these are the most common avoidable factors in aneurysm formation8,9. 
An estimated 3% of the adult population has an intracranial aneurysm10,11, 
most of them unknowingly residing in the head. Population-wide screening 
for intracranial aneurysms is not cost-effective. Currently, most unruptured 
intracranial aneurysms remain untreated, since the risk of rupture needs to 
be weighed against the risk of complications from preventive endovascu-
lar or neurosurgical aneurysm treatment. As long as the formation and the 
bursting of aneurysms cannot be prevented, there will be patients with SAH. 
The incidence of aneurysmal SAH is 6.1 per 100.000 persons-years1,12. Prog-
nosis has improved over the last 30 years, however, the case-fatality is still 
around 30% in hospital-based studies3,13. 



Summary and General Discussion

152

After an SAH, the initial hemorrhage is followed by physiological and cellu-
lar events that contribute to early brain damage, and is often followed by 
delayed cerebral ischemia and cognitive impairment1. Early brain injury is 
mostly caused by acute ischemia, resulting from the rise in intracranial pres-
sure and a decline in cerebral perfusion pressure14,15. The acute ischemia in 
combination with blood in the subarachnoid space elicits several other pro-
cesses such as a disturbed blood-brain barrier (BBB). Harmful compounds 
can pass the leaky BBB, damaging and dysregulating the brain parenchyma16. 
Subsequently, dysfunctional autoregulation and spreading depolarization 
may occur16. Moreover, the metabolites induced by hemostasis can also lead 
to microthrombi, reducing blood flow in the brain capillaries. All these early 
pathogenic responses probably also contribute to the later development of 
DCI17. In many of these responses, the complement system is involved18–21. 
The pathogenesis of cognitive impairment has not yet been clarified, how-
ever, the complement system is likely involved, as will be discussed in more 
detail below. 

Immune activation
An SAH initiates an immune response in the subarachnoid space and brain 
parenchyma. The complement system is a major initiator and modulator of 
the innate immune response. Interestingly, the complement system has also 
been associated with aneurysm development and growth, however, in this 
discussion we will only focus on the complement response after aneurysm 
rupture22. Upon SAH, endogenous damage-associated molecular patterns 
(DAMPs) biomolecules are released by cells that are stressed or undergoing 
apoptosis23. DAMPs interact with the initiators of the complement pathway24. 
These initiators are C1q for the classical pathway, and Mannose-Binding Lec-
tin (MBL)/Ficolins for the lectin pathway. In Chapter 2, we have shown that 
C1q is upregulated in brain tissue of SAH patients, suggesting the comple-
ment system gets activated via the classical pathway7. Besides this pathway, 
the lectin pathway also gets activated after SAH25. MBL, Ficolins, and several 
other factors of the lectin pathway are upregulated after SAH and have been 
associated with poor functional outcome25–27. In an ischemic stroke model, 
the lectin pathway is responsible for brain injury, and a treatment with C1 
inhibitors targeted at the lectin pathway is beneficial28. 
All initiating complement pathways congregate into the conversion of C3, the 
main component of the complement system (Figure 1)29. C3 is then cleaved 
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into the active C3 peptide fragments: C3b, iC3b, and C3d. We have shown an 
increase of C3/C3b/iC3b in human brain tissue of SAH patients, showing that 
the complement system is activated through its main component. Conver-
sion of C3 also produces the anaphylatoxin C3a, and C3b which converts C5 
into the anaphylatoxin C5a. Together the anaphylatoxins C3a and C5a bind 
to receptors expressed on immune cells (e.g. B-, T-cells, macrophages, and 
microglia)30. Immune cells get attracted to the location of the hemorrhage 
to initiate an inflammatory response, and to phagocytose the blood cells 
and debris of dead cells31. Furthermore, peripheral immune cells produce 
coagulation and hemolysis factors19. Neutrophils, a type of white blood cells, 
interact with endothelial cells of blood vessels in the brain, which leads to 
the initiation of an immune response in the brain parenchyma32. Activated 
neutrophils also produce matrix metalloproteinase-9 (MMP-9), a proteinase 
that induces BBB damage33,34. Therefore, an immune response in the vascu-
lature can be harmful by the substances they produce.

Microglia
Microglia are the first responders to initiate an immune response in the brain 
parenchyma. At a later stage, peripheral macrophages infiltrate the brain pa-
renchyma, as shown after experimental SAH in mice35. Brain injury directly and 
indirectly activates microglia. Microglia directly respond to DAMPs released 
from stressed or dying cells and to blood breakdown products, reaching the 
brain parenchyma through leaky BBB. Microglia also react indirectly through 
the complement system receptors and the factors released by immune and 
endothelial cells32,36. In chapter 1, we gave an overview of these beneficial 
and detrimental consequences when microglia are immune activated after 
SAH6. Microglial response can be both beneficial, by removing cellular de-
bris, and detrimental, by producing toxic levels of cytokines and reactive 
oxygen species37. Since the publication of our review paper6, investigations 
into the glial response after SAH have ramped up considerably. An increasing 
number of studies have shown that microglia activation is detrimental to the 
brain after SAH 7,38–72. A summary of these papers is shown in Supplementa-
ry Table 1. Especially, activation into a pro-inflammatory state seems to be 
detrimental, which in most of those papers is still classified as the so-called 
M1 microglia38,39,59. However, this classification is too blunt, as microglia can 
display a gradual spectrum of activation phenotypes between pro-inflam-
matory “M1” and neuroprotective “M2” microglia73. The pro-inflammato-
ry microglia release cytokines in levels that are toxic to their environment, 
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mainly through the TLR4/NFkB pathways37. Many studies have tried to block 
or reduce microglia activation through these pathways after SAH7,38–70. This 
almost always led to reduced early brain injury in rodents. However, there 
may be a bias because of a lack of studies showing negative results. Nev-
ertheless, all these studies corroborate the idea that the pro-inflammatory 
state of microglia is detrimental after SAH. In Chapter 2, we showed that we 
can reduce microglia activation in C5aR-/- mice. Furthermore, we observed 
a reduction in the number of apoptotic cells in C5aR-/- mice 2 days after 
SAH. Therefore, blockade of the interaction of the anaphylatoxin C5a and 
its receptor C5aR keeps microglia from being activated, and reduces brain 
injury. We also showed this by an alternative approach in which we treated 
mice with an antibody against C5, after experimentally induced SAH. This 
antibody prevents the cleavage of C5 into C5a and C5b. After treatment, we 
observed reduced microglia activation and reduced apoptosis. Several oth-
er studies, investigating traumatic brain injury and intracranial hemorrhage, 
have also shown that blockage of C5 cleavage and C5aR antagonists lead to 
reduced brain injury74–76. This further suggests that microglia activated by the 
complement system are in a pro-inflammatory state and are detrimental to 
the brain. Since microglia activation is both acute and long-lasting, treatment 
options against pro-inflammatory microglia activation may prevent acute as 
well as delayed brain injury. 
As described in Chapter 1, the complement system and microglia are in-
volved in maintaining synapses. The complement components C1q, C3, and 
C4 tag synapses, and these tagged synapses are subsequently recognized by 
microglia, and possibly astrocytes77–79.  A study has shown that synapse num-
bers in the hippocampus are reduced in rats with SAH at 6 days80, although 
we could not replicate this result in mice at 2 weeks after SAH. However, the 
same group found that neurons in the hippocampus have reduced long-term 
potentiation, in response to high-frequency stimulation80. It might be that 
weak synapses get eliminated or modulated after SAH, which is thought to 
happen in a complement-dependent manner81–83. The reduction in hippo-
campal potentiation may therefore induce the loss of synapses in a comple-
ment system orchestrated manner. A reduction in synapses may also underly 
the cognitive deficits after SAH. It would be interesting to investigate this 
further, to show a direct link between glial activation and memory impair-
ment after SAH. 
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Astrocytes
The cognitive deficits could also be caused by astrocytes. Astrocytes execute 
homeostatic functions such as the regulation of the extracellular potassium 
ion concentration and the water balance84. Besides, they recycle neurotrans-
mitters from synaptic clefts, but also release gliotransmitters themselves85. 
Furthermore, they take up nutrition from blood vessels, and can regulate 
vessel constriction and dilation86. Recent studies have shown that in partic-
ular the homeostasis of the water and ion balance at the capillary blood 
vessels is dysregulated after SAH87,88. Astrocytes normally contact the blood 
vessel by end-feet that get retracted after SAH, preventing them to execute 
their functions at the blood vessel87. This leads to disruption of the water 
homeostasis and this has also consequences for the glymphatic system89. 
This system filters the parenchyma of the brain to clear it from metabolic 
waste products89. If this system is impaired, toxic products will accumulate in 
the parenchyma of the brain90. The glymphatic system gets disrupted after 
SAH, contributing to post ictus brain damage91. Others have shown that the 
buffering of potassium ions is disrupted at the end-feet, causing reversed va-
soconstriction of blood vessels88,92. These neurovascular changes occur at a 
delayed stage after SAH93. Impaired neurovascular coupling may lead to isch-
emia, and this impairment may, therefore, be important in the onset of DCI. 
Astrocytes also get immune-activated after SAH6,94. This response is also 
likely represented in a continuous spectrum of astrocyte-phenotypes. How-
ever, recent studies have proposed to name the neuroprotective state as 
“A2 astrocytes” and the neurotoxic state as “A1 astrocytes”, which are likely 
pro-inflammatory95, in analogy to the outdated “M1-M2” microglia pheno-
types. While A1 astrocytes are induced by C1q, TNF-α, and IL1β expressing 
microglia, neuroprotective A2 astrocytes are induced by TNF-α, IL-1β, and 
IL-6, and through downregulation of the P2Y receptor on astrocytes95,96. This 
suggests that the combination of cytokines depends on complement C1q to 
produce the neurotoxic astrocytes. Several markers have been identified for 
A1 astrocytes, one of which is the intracellular complement C395. In chapter 
3, we found an increase in C3 positive astrocytes in the mouse hippocampus 
after SAH. More importantly, the number of C3 positive astrocytes in the hip-
pocampus correlated negatively with long-term memory for objects, in mice. 
This suggests that these astrocytes are harmful to the hippocampus, which 
can lead to memory impairments in mice after SAH. It would be interesting 
to further investigate the harmfulness of the A1-activated astrocytes to the 
hippocampus, and whether the A2 astrocyte can be beneficial.
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Beneficial responses
Judging the growing body of studies investigating the glial response after 
SAH, including our own findings in Chapter 1-3, the glial response seems to 
be mainly detrimental in contrast to a few studies that report on the benefi-
cial effect of a glial response in SAH6. One of the beneficial properties is the 
gain of stem cell properties of glia in response to an injury, which can facil-
itate brain repair97,98. It has been shown that astrocytes can adapt stem cell 
properties in several types of brain injury98,99. In Chapter 4 we investigated 
changes in glial proliferation after SAH, which is an indication that astrocytes 
adopt stem cell properties. There are two neurogenic niches in the brain, 
the subventricular zone (SVZ), and the subgranular zone (SGZ) of the den-
tate gyrus of the hippocampus97,100. In mice, there is a constant renewal and 
addition of glutamatergic and GABAergic interneurons in the olfactory bulb 
and in the dentate gyrus of the hippocampus100,101. These zones harbor neu-
rogenic astrocytes that proliferate, migrate, and differentiate into newborn 
neurons. In response to ischemic stroke, astrocytes in the striatum (near the 
subventricular zone) can regenerate and differentiate into neurons102. Fur-
thermore, cells from the SVZ can migrate toward the site of injury103. We 
observed this might also be the case in SAH in Chapter 4. A third possible 
way for repair is the direct transdifferentiation from a glial cell to a neuron, 
without the need to proliferate104. 
The complement system is also involved in the maintenance of neurogenic 
astrocytes in the SVZ and dentate gyrus. Progenitor cells in the dentate gyrus 
express complement receptor 2 (CR2). Activation of CR2 inhibits neurogene-
sis in the dentate gyrus105. Neurogenic astrocytes in the SVZ have receptors for 
C3a and C5a106. Activation through C3aR signaling stimulates the neurogen-
ic astrocytes to proliferate, migrate, and differentiate106,107. However, others 
have reported that C3aR antagonists promote neurogenesis108. Treatment to 
inhibit or stimulate properties of complement activation in neurogenic astro-
cytes needs to be carefully investigated. Likely, the dose of treatment affects 
these properties106,108. Interestingly, C5a has no effects on the proliferation 
of SVZ resident neurogenic astrocytes in adult mice109. Therefore, blocking 
C5 as a treatment against brain damage after SAH will likely not affect adult 
regenerative properties of the complement system of upstream C2/C3a sig-
naling. In the acute phase after an SAH, the complement activation seems to 
be mainly detrimental. Blocking or suppressing the complement activation 
in the acute phase would therefore be advantageous.
In chapter 4, we did not see changes in the number of proliferative cells at 
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the SVZ of mice two weeks after SAH, which suggests that the effects on 
progenitor proliferation, if any, are not long-lasting. It is however possible 
that there were effects before our timepoint of investigation. However, we 
observed many BrdU+ cells at damaged areas of the brain after SAH, that 
sometimes were also positive to premature neuronal marker doublecortin. 
This would suggest that there is an intrinsic repair mechanism. It would be 
interesting to study this further, to know the scale by which this happens, 
and whether this beneficial glial response can be stimulated as part of a ther-
apy, while reducing the detrimental glial response.

Modeling SAH
We used mice to model SAH, and aimed to translate findings in these ro-
dents to human SAH. Although the genes and cells in both organisms are 
highly similar, of course mice are hugely different from human beings110. This 
is also true for the glial response111–113. As we are interested in the process 
how glia respond to an SAH in patients, experiments on human brain tissue 
samples are very valuable. By understanding the glial response to SAH in 
both mice and humans, we can make a better translation from the mouse 
data to the actual patients. Although the glial response after SAH in rodents 
has been amply studied, the glial response in human brain tissue is still un-
charted territory. This is largely due to the scarceness of post-mortem human 
SAH brain tissue. The human frontal cortex autopsy material used in chapter 
3, was obtained from SAH patients who died 1-20 days after the initial hem-
orrhage. We only had access to frontal cortex of 11 patients, and we lacked 
autopsy material of SAH patients with known long-term cognitive impair-
ment, and patients with good recovery. Our brain sample collection did not 
contain a sufficient number of patient material to make distinct groups (e.g. 
for age or sex). The Netherlands Brain Bank provided us with frontal cortex 
tissue of neurological controls. SAH brain material is normally not collected 
by the Netherlands Brain Bank and is not systematically present in brain tis-
sue collections of neuropathology departments. Including SAH brain tissue 
in brain bank collections would be tremendously beneficial to study brain 
injury in patients who died in the first month after the ictus and in those 
with long-term survival (with or without cognitive impairments). Presence 
of such brain samples in brain bank collections would greatly improve our 
understanding of molecular and cellular consequences of an SAH in patients. 
Besides, human cell culture models could be used to study the consequenc-
es of an SAH. Induced pluripotent stem cells derived from human skin cells 
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can be cultured as cerebral mini-brains, so-called organoids114. These organ-
oids consist of many brain cell types, including neurons, astrocytes, and mi-
croglia115–117. However, limitations are that they have no vasculature and are 
not confined in a skull. Nevertheless, it would be interesting to model SAH 
in cerebral organoids and to study how the organoids respond to a combi-
nation of exposure to blood, increased pressure, and ischemia. This would 
allow us to investigate glial response after SAH in human samples in a more 
standardized and controllable approach in comparison to autopsy tissue of 
SAH patients. Furthermore, as the cells are alive, it is possible to study neu-
ronal and glial activity in these organoids, and a change in glial phenotype 
over time117. 
Finally, analyzing the glial response by non-invasive measurements in living 
human SAH survivors is possible through molecular imaging. Translocator 
protein (TSPO) is a protein in mitochondria that is upregulated in microglia 
and astrocytes when these cells are immune activated118. Using ligands of 
TSPO in positron emission tomography (PET) scanners, the glial response can 
be measured in living humans and rodents119,120. Interestingly, in rats, the 
intensity of TSPO positivity in living animals correlated with the severity of 
the SAH at 48 hours after induction of the SAH120. This is particularly of in-
terest when studying the long-term glial response in human119. SAH patients 
with cognitive impairments could have repetitive TSPO PET scans over long 
periods of time, to study the correlation between cognitive status and the 
glial response. Furthermore, other functional molecular imaging techniques 
could be applied to measure physiological changes after brain injury. With a 
CO2 challenge, the neurovascular coupling can be measured, and this may 
show impairments in neurovascular coupling in humans as has been seen in 
mice92,121. Moreover, functional MRI can be applied to detect brain activity 
differences after cognitive impairment122. Using a combination of these im-
aging techniques, the glial response can be correlated to functional changes 
in living human SAH survivors. Furthermore, these imaging techniques can 
be utilized in rodents, making these methods very valuable in translating the 
mouse data to the human situation123. However, there are also some lim-
itations. There is currently a limited number of PET tracers to measure glial 
response124. Therefore, it is now impossible to characterize whether the glial 
activation is a pro-inflammatory or neuroprotective response. With function-
al MRI, measuring the blood oxygenation level-dependent (BOLD) signal may 
reflect astrocyte function and gliovascular coupling125,126. Moreover, with a 
maximum resolution of approximately 0.5mm3 for MRI, it is impossible to 
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study (sub)cellular changes such as, for example, to study loss of synapses. 
To study the temporal cellular changes in combination with cognitive im-
pairments, as well as studying novel therapeutic interventions, and known 
genetic modifications, we still need animal models. 
There are several different animal models for SAH, as described in Chapter 
1, box 1. The two most used models in recent years are the intracisternal 
blood injection model and the endovascular perforation model127,128. Both 
models are utilized in this thesis, and both models have their advantages 
and disadvantages. The advantage of the blood injection model is that the 
amount of blood in the subarachnoid space can be tightly controlled. There-
fore, variation of the bleeding impact between mice is small, there is no risk 
of rebleeding, and the mortality is low. The endovascular perforation model 
is less controllable in the amount of blood in the subarachnoid space and 
has a chance of rebleeding. Outcome is therefore less homogeneous, with 
higher mortality, and animals with poor and good outcome. The endovas-
cular perforation model, however, mimics human SAH more closely than 
the blood injection model. In the endovascular perforation model, the circle 
of Willis is perforated. This leads to tissue repair mechanisms close to the 
puncture, which may be of importance when modeling aneurysmal SAH. Al-
though these models mimic human SAH, no animal model can fully mimic 
the complete pathophysiology of aneurysmal SAH. However, the endovascu-
lar perforation model is the closest to human SAH, and is indispensable for 
SAH research. 

Therapeutic interventions. 
Complement activation after brain injury induced by SAH seems to be main-
ly detrimental. Autologous inhibitory proteins of the complement pathway 
can restrict activation of the pathway, but application of these proteins is 
insufficient to stop a complement reaction after injury29,30. Several therapeu-
tic compounds are utilized that reduce or block complement activation129. 
These treatments can act on initiation factors C1q/MBL, C3 convertase, and 
C5 convertase, but can also act as agonists of C3a/C5a receptors (Figure 
1). C1-inhibitor is an endogenous complement inhibitor, and recombinant 
C1-inhibitor (C1-INH) can be beneficial in patients after stroke and in mice 
after experimental stroke130,131. Several other endogenous inhibitors are uti-
lized to target the complement system and are tested in preclinical stud-
ies. One example is Crry-Ig, a C3b inhibitor132. Crry-Ig has been shown to 
have neuroprotective properties when administered after traumatic brain 
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injury (TBI)133,134. Furthermore, CR2-Crry has been tested to block the con-
vertase of C3, and has been shown to have beneficial effects after TBI135. 
Hexapeptide-derived macrocycle AcF is a C5aR antagonist that was shown to 
be beneficial after intracranial hemorrhage, especially in synergy with a C3aR 
antagonist76. However, the role of the C3aR antagonist is controversial, as it 
also acts as an agonist136. Preventing the assembly of the Membrane Attack 
Complex, which makes pores into the membrane of cells and induces cell 
death, by C6 antisense, can also be beneficial after TBI74. These, and other 
interventions on complement activation in neurologic diseases have been 
described in a recent review137. 

Another way to suppress complement activation is by the use of antibodies. 
In chapter 2, we used an antibody as a treatment to block C5 fragmentation. 
This antibody is directed against murine C5 (BB5.1)138. The human analog of 
this antibody (Eculizumab) is used in the clinic for a variety of disorders such 
as generalized myasthenia gravis, atypical hemolytic uremic syndrome, and 
paroxysmal nocturnal hemoglobinuria139–141. It would be interesting to see 
whether it is also beneficial for the outcome after SAH. For this, a clinical 
trial (phase 2) has recently started. Several other antibodies have been used 
in experimental models, targeting C1q, mannose-binding protein-associated 
serine protease 2 (MASP-2), C3b, properdin, and other complement com-
ponents129. Antibodies for treatment are distributed through blood circula-
tion, and need to enter the brain by passage over the BBB. Therefore, only 
a limited amount of antibodies reaches the brain in normal circumstances. 
However, as both the hemorrhage and the secondary damage cause disrupt-
ed BBB, antibodies may still end up in high numbers in the brain. Many more 
therapeutics against complement activation are being tested, some of which 
are in clinical trials. Developments of these trials are nicely summarized in a 
recent review142.
 
 > Figure 1. Scheme of the complement system and examples of therapeutic in-
terventions. The complement system consists of over 30 components that are activated 
after damage or an infection29. Therapeutic interventions can block or reduce complement 
activation ranging from targeting each step between the initiation and terminal compo-
nents. C1-INH blocks the initiation of the classical and lectin pathways130. CR2-Crry targets 
the convertases of C3, while Crry-Ig blocks the alternative pathway C3b132,135. The human 
antibody Eculizumab and mouse antibody BB5.1 prevent the conversion of C5 into C5a and 
C5b138,139. The membrane attack complex assembly is blocked by C6 antisense treatment74. 
Furthermore, C5a receptors can be blocked by AcF to prevent the anaphylatoxin C5a from 
binding to its receptor C5aR176. 
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The complement system responds to brain injury and may cause addition-
al damage. Therefore, treatment targeting the complement system may be 
beneficial. However, the complement system is also a defense mechanism 
against infections. Side effects of treatments targeting the complement sys-
tem are an increased risk of bacterial and viral infections. Antibiotics should, 
therefore, be administered to minimize the chance of infection. Treatment 
against the complement system also acts against the homeostatic functions 
that the complement system has in the uninjured central nervous system. 
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These include the removal of weak synapses, and the potential involvement 
in neurogenic niches47,52,83. However, the impact of complement targeted 
treatment on these physiologic mechanisms, such as regulation of synapses, 
in adulthood is not known yet. Moreover, treatment against complement 
to reduce brain injury likely outweighs the potential suppression of these 
homeostatic functions. 
The focus of this discussion and thesis has predominantly been on im-
mune-related responses after SAH, like the complement system and glia re-
sponse. Finding therapeutic targets against these responses may attenuate 
the poor outcomes seen after SAH. However, it should be noted that the 
poor outcome is multifactorial, meaning that there are more pathways or 
mechanisms involved in the damage after SAH. Although some of the clini-
cal trials targeting these pathways did not have a satisfying outcome 143–145, 
they should not yet be discarded. Perhaps, as the poor outcome after SAH is 
multifactorial, the treatment should also be a combination of interventions. 

Future directions
In this thesis, we gave insights into the functional consequences and clini-
cal implications of the glial response after SAH. We studied the role of the 
complement system in the development of brain injury after SAH and found 
that complement C5 contributes to brain injury after SAH. Furthermore, we 
found that SAH mice had impaired memory, and that this impairment cor-
relates to C3 expression in astrocytes in the CA1 region of the hippocampus. 
As the number of synapses did not seem to change, we do not know what 
exactly changed that caused the memory impairment. It could be that the 
neuronal conductance had changed, or that there was more neuronal cell 
death. Furthermore, we also do not know whether blocking the complement 
system would also reduce long term cognitive impairment. In this section, 
we will highlight some future experiments that should be conducted to get a 
better understanding of the functional implications of our findings. 
The memory impairment in SAH mice is presumably due to impaired neu-
ronal communication, as a result of complement and glia activation. As as-
trocytes retract their end-feet from blood vessels after SAH, we assume that 
the astrocytic processes on the synapses would also retract87. With these 
synapse enwrapping processes, they form the so-called tripartite synapse146. 
While the amount of neuronal synapses does not seem to change, it would 
be interesting to study the extent of the synaptic coverage of the astrocyt-
ic processes. The astrocytic compartment of the synapse, however, is very 
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small, below the diffraction limit of conventional light microscopy. To count 
tripartite synapses, we would, therefore, need super-resolution microsco-
py to visualize the astrocytic compartment147. One such super-resolution 
method is expansion microscopy, a method to physically enlarge the sam-
ple, instead of using a higher magnification by microscopy148,149. Expansion 
microscopy is a promising technique to use super-resolution microscopy an-
alyzed by a normal confocal microscope. Expansion microscopy got many 
adaptations in recent years. Using conventional antibodies, it is now possible 
to expand various tissues from drosophila, zebrafish, mice, and even human 
paraffin tissue149–152. Furthermore, novel techniques allow for double expan-
sion, enlarging the sample by roughly 20 times in all spatial dimensions153. 
Moreover, as samples get transparent, they are suitable for light-sheet mi-
croscopy, which recently led to the 3D reconstruction of all presynaptic sites 
in the drosophila brain in superb resolution154. With the right tools and anti-
bodies, expansion microscopy can have great value to answer research ques-
tions that need super-resolution microscopy. In neuroscience, glial research 
lags behind on neuronal oriented science, due to technical restrictions. Un-
fortunately, this also seems to be the case in the expansion microscopy tech-
nique. While there are many protocols to visualize neuronal markers, proto-
cols for astrocytic markers are not available. Instead, the GFAP-cre/ERT2 x 
Gt(ROSA)26Sortm14(CAG-TdTomato) mouse line, which express the red fluorescent 
protein TD-tomato in GFAP+ cells after tamoxifen injection may be of value. 
In a preliminary study, we imaged pre- and post-expansion with the use of a 
normal confocal microscope (Figure 2A and 2B, respectively). Note that the 
scale bars in Figure 2A and 2B are both 10µm, but the astrocyte in Figure 2B 
is around 4x larger in all spatial dimensions than the astrocytes in Figure 2A. 
To investigate synapse numbers in the hippocampus, we imaged pre- (Bas-
soon) and post-synapse (Homer-1; Figure 2C) after expansion of the tissue 
with confocal microscopy. Note that the pre- and post-synapse are nicely 
aligned, but do not overlap. We intended to use this technique to investi-
gate the number of tripartite synapses after SAH, but this still remains to be 
investigated. 
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Figure 2. Expansion microscopy. A) Td-tomato positive astrocytes (and neuronal dendrites) 
of GFAP-cre/ERT2 x Gt(ROSA)26Sortm14(CAG-TdTomato) mouse in the dentate gyrus, scale bar 10 
µm, without expansion; and B) with expansion, scale bar also 10µm; C) Synapses in C57Bl/6J 
mouse cortex, green: Homer-1 (post-synaptic marker), red: Bassoon (presynaptic marker); 
scale bar 10µm. Use of GFAP-cre/ERT2 x Gt(ROSA)26Sortm14(CAG-TdTomato) mouse line slices with 
the courtesy of Ketharini Senthilkumar, MSc. Figure 2B processed and imaged by Viktor al-
Naqib, BSc.

The microglial response to SAH seems to be mainly detrimental. However, 
microglia can respond to damage by becoming neuroprotective. Thus far, 
little is known on how to stimulate the neuroprotective state of microglia, 
while suppressing the pro-inflammatory state. The neuroprotective state of 
activation is helpful for the repair after injury. It would be interesting to inves-
tigate whether we can stimulate or increase the presence of neuroprotective 
microglia, while repressing the pro-inflammatory ones. While many drugs 
can reduce the pro-inflammatory microglia response, there are currently few 
microglia-targeting drugs to drive their response to a neuroprotective state. 
However, several cytokines are known inducers of neuroprotective microg-
lia, such as IL-4 and IL-10155,156. It would be interesting to study whether stim-
ulating the receptors for IL-4/IL-10 in combination with pro-inflammatory 
suppressors can enhance recovery after SAH. 
Lastly, it remains to be investigated whether the suppression of the comple-
ment pathway has long term advantages, in both mice and human. We have 
shown that suppression of complement C5 cleavage by antibody can reduce 
brain damage in mice 2 days after SAH. We have also shown that mice have 
memory impairment at 14 days after SAH. It would be interesting to know 
whether C5 also contributes to long term memory impairment after SAH, 
and whether antibodies against C5 are a good treatment option against these 
impairments in mice. Similarly, clinical trials should be conducted to inves-
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tigate whether these anti-C5 antibodies can reduce brain damage and poor 
functional outcome and cognitive impairment in SAH patients. To study the 
glial activation effects on cognition in patients, non-invasive imaging tech-
niques like PET, with tracers against TSPO and synapses could be utilized, and 
measurements should then be correlated to cognitive impairment severi-
ty157. Unfortunately, there are no clinically available molecular imaging trac-
ers to measure complement activation. We found that C5a measurements in 
plasma levels did not correlate to functional outcome, and therefore, it could 
not be used as a biomarker. Measuring the C5a levels in CSF may yield better 
results, but sampling CSF from patients is too invasive. Therefore, non-inva-
sive ways to measure complement activation in the brain are not yet avail-
able. It would be of great value to invent such non-invasive measurement 
techniques for complement activation in the brain. It would greatly improve 
our knowledge about the role of complement activation in cognitive impair-
ments in SAH patients. Preclinical use of the Single Photon Emission Comput-
ed Tomography (SPECT) imaging agent 99mTc-rCR2 gives promising results to 
measure complement activation in mice, however, this compound has yet to 
be investigated in human158. For now, data from long-term follow-up studies 
of patients treated with complement suppressors will give valuable insights 
about whether these suppressors are also beneficial in reducing cognitive 
impairments. 
These proposed further investigations are just the tip of the iceberg. Obvi-
ously, there are many more questions to be answered. However, we hope 
that many of these questions will soon be answered, and will, together with 
the results from this thesis, help find better treatment options for SAH pa-
tients.

Conclusion
Subarachnoid hemorrhage is a severe subtype of stroke that can cause pro-
found injury to the brain. The immune response, activated by the comple-
ment system and through involvement of microglia and astrocytes, seems to 
worsen outcome after SAH. Blocking this immune response may outweigh 
the potential beneficial effects of the immune response, and therefore is 
an attractive approach in treating patients after SAH. We showed that in 
preclinical studies the complement and glial response are associated with 
damage and memory impairments. Targeting the complement response may 
thus be a promising novel therapeutic target to help to improve functional 
and cognitive outcome of SAH patients.
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Het complementeren van een subarachnoïdale bloeding.

Voor alles wat we doen, gebruiken we onze hersenen. De hersenen zitten 
veilig afgesloten; een harde schedel zorgt voor bescherming van buitenaf. 
Ook in de schedel hebben de hersenen voldoende bescherming. Zo zitten er 
drie membranen rondom de hersenen. Eén daarvan heet het arachnoidea 
membraan, met daaronder de subarachnoïdale ruimte die gevuld is met 
cerebrospinale vloeistof, en er liggen enkele bloedvaten. De hersenen heb-
ben ook nog bescherming tegen vreemde stoffen in de bloedcirculatie, door 
middel van de bloed-hersenbarrière. Dit alles zorgt ervoor dat ons brein be-
schemd en in relatieve rust kan blijven functioneren. 
In en rond de hersenen gaat er ook nog wel eens wat mis. Aan de bloedvat-
en rondom de hersenen, in de subarachnoïdale ruimte, kunnen verwijdin-
gen ontstaan, genaamd aneurysmata. Bij teveel druk vanuit de binnenkant 
kan een aneurysma knappen, waardoor bloed de subarachnoïdale ruimte in 
stroomt, en een aneurysmale subarachnoïdale bloeding (SAB) veroorzaakt. 
Vervolgens kunnen verschillende factoren leiden tot hersenletsel: 

- Omdat de subarachnoïdale ruimte wordt beperkt door de schedel, 
stijgt de intracraniële druk. Deze kan zo hoog worden dat de bloed-
toevoer naar de hersenen tijdelijk stopt, wat leidt tot ischemisch 
hersenletsel. 
- Bloed in de subarachnoïdale ruimte wordt afgebroken, en er ont-
staat een bloedsstolling. Veel van de afbraakproducten en stollings-
factoren zijn schadelijk voor de hersenen, wat meer hersenletsel kan 
veroorzaken. 
- Bovendien wordt de bloed-hersenbarrière beschadigd, en biedt dat 
geen bescherming meer van tegen schadelijke stoffen in de bloed-
circulatie. Deze stoffen kunnen nu de hersenen indringen en bescha-
digen.     

Door alle schade is een SAB is een ernstige soort van beroerte met een hoog 
sterftecijfer. De mediane leeftijd waarop een aneurysmale SAB optreedt is 
55 jaar. Vanwege deze jonge leeftijd en de slechte prognose is het verlies 
aan productieve levensjaren hoog. Eén derde van de patiënten sterft binnen 
3 maanden na de bloeding en patiënten die de bloeding overleven hebben 
vaak langdurige functionele en cognitieve stoornissen.
De schade aan de hersenen veroorzaakt ook een immunologische reactie. 
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Dat heeft te maken met verschillende cellen in de hersenen en hun speci-
fieke functies. Neuronen zorgen voor de signaaloverdracht. Daarnaast zijn 
er heel veel soorten gliacellen, die allemaal talloze functies hebben om de 
signaaloverdracht in goede banen te leiden. In dit proefschrift hebben we er 
maar een paar van benoemd, en hebben we ons voornamelijk gefocust op de 
astrocyten en de microglia. Onder normale omstandigheden zijn astrocyten 
onder andere betrokken bij de regulatie van energie, de signaaloverdracht 
tussen neuronen en het in stand houden van een goede ion- en waterho-
meostase. Microglia zijn onder andere betrokken bij neurogenese en regul-
eren het aantal synapsen; de connecties tussen neuronen. Dit laatste doen 
ze door alle synapsen te scannen voor stofjes die behoren tot het comple-
ment systeem. Het complement systeem is onderdeel van een immunolo-
gisch proces. Echter, doordat de hersenen afgesloten zijn van de rest van het 
lichaam en normaal weinig in contact komen immunologische processen, 
voert het complement systeem in de gezonde hersenen andere functies uit. 
Als de synaps zich presenteert met onderdelen van het complement, wordt 
de synaps door de microglia verwijderd. Dit kan nuttig zijn, bijvoorbeeld voor 
het geval van het afleren van slechte gewoontes, of het vergeten van nut-
teloze herinneringen. 
Het complement systeem is bij een subarachnoïdale bloeding sterk geac-
tiveerd. Ook astrocyten en microglia veranderen van functie, ze reageren op 
de schade en de immuun- en complementactivatie in de subarachnoïdale 
ruimte en worden onderdeel van het immuunsysteem. Daarbij verliezen ze 
hun normale functies. 
Het complement systeem is een immuun-cascade dat uit meer dan 30 
eiwitten bestaat. De cascade kan worden geactiveerd via drie verschillende 
routes, die allemaal tot de productie van een belangrijk onderdeel leiden: 
complement C3 en C5, die beide gesplitst kunnen worden in weer kleinere 
eiwitten. Onder andere hierdoor worden immuuncellen, zoals astrocyten 
en microglia, geactiveerd. 
Het proces van immuun-geactiveerde astrocyten en microglia heet ook wel 
gliose. Gliose kan mild zijn, door alleen cytokines uit te scheiden, maar het 
kan ook ernstig zijn, als gevolg van de vorming van een soort littekenweefsel 
rond beschadigde hersengebieden. Na een SAB proberen zowel het comple-
ment systeem als de gliose de schade aan de hersenen te beperken of te her-
stellen, maar het kan de hersenen ook verder beschadigen. Een voorbeeld 
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daarvan is dat een lage productie van cytokines een genezende uitwerking 
hebben op beschadigde neuronen, maar dat te veel cytokines giftig kunnen 
zijn voor het omliggende hersenweefsel. Bovendien worden de processen 
van de gezonde hersenen erg verstoord, doordat de astrocyten en microglia 
niet meer hun normale functies uitvoeren. Een aanhoudende gliose kan de 
schade van de SAB dus complementeren.

In dit proefschrift hebben we de gliose na een SAB onderzocht. In hoofdstuk 
1 van dit proefschrift hebben we een overzicht gemaakt van alle literatuur 
van vóór juli 2015 over gliose na SAB. Daarin geven we ook inzicht in de func-
tionele gevolgen en klinische implicaties van de gliose. Een update daarvan 
wordt gegeven in de andere hoofdstukken en in de discussie.

In hoofdstuk 2 hebben we de rol van het complementsysteem in de ontwik-
keling van hersenletsel na de SAB bestudeerd. We vonden een toename van 
de aanwezigheid van complementcomponenten C1q en C3 in de hersenen 
van SAB-patiënten. Verder vonden we een verband tussen genetische poly-
morfismen in het gen van complement C5 en een slechte functionele uit-
komst bij patiënten. Patiënten met dit risico-allel hadden lagere C5a-plas-
maspiegels, hoewel de plasmaspiegels niet correleerden met een slecht 
functioneel resultaat. Daarbij vonden we ook dat de C5a-niveaus van com-
plementcomponenten in cerebrospinale vloeistof 1 dag na SAB sterk waren 
verhoogd. Bij muizen zonder de C5a-receptor vonden we een verminderde 
microglia activatie en verminderde neurale celdood na een experimenteel 
geïnduceerde SAB. Bovendien waren de microglia activatie en neurale cel-
dood ook verminderd bij wildtype muizen die injecties kregen met een an-
tilichaam dat de splitsing van C5 in C5a en C5b voorkomt. Dit zou mogelijk 
een goede behandeling kunnen zijn tegen schade in de hersenen van SAB 
patiënten. 

In hoofdstuk 3 hebben we de gliosis in de frontale cortex van SAB-patiënten 
onderzocht. We vonden een toename van GFAP, een eiwit in astrocyten dat 
verhoogd is bij gliose, en zagen een toename van het aantal microglia, wat 
duidt op zowel geactiveerde astrocyten als microglia na een SAB bij mensen. 
Vervolgens hebben we ons gericht op de gliosis en cognitieve veranderingen 
in een muismodel voor SAB. We ontdekten dat muizen na een SAB geheu-
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genstoornissen hebben. Bovendien was er een toename van complement C3 
in de astrocyten van de hippocampus van muizen met een SAB, en dit cor-
releerde met geheugenstoornissen. Dit suggereert dat complementactivatie 
in astrocyten bijdraagt   aan cognitieve stoornissen na een SAB.

In hoofdstuk 4 hebben we onderzocht of de gliose ook gunstig kan zijn, door 
regeneratieve eigenschappen te activeren om na een SAB het hersenweef-
sel te herstellen. We vonden echter geen verschil in de hoeveelheid pro-
liferatieve neurogene astrocyten binnen de neurogene niche van de mui-
zenhersenen, twee weken na SAB, maar zagen wel dat er mogelijk nieuwe 
neuronen groeide in hersengebieden met veel schade.

Subarachnoïdale bloedingen kunnen ernstige schade aan de hersenen    
veroorzaken. De immuunreactie, geactiveerd door het complementsysteem, 
microglia en astrocyten in de hersenen, lijkt de SAB voornamelijk te verslech-
teren. Het blokkeren van deze immuunreactie zou een goede uitwerking 
kunnen hebben op het herstel van patiënten met een SAB.
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Abstract 
A thesis without an acknowledgements section is not a finished thesis, in my 
opinion. It is also the only section most of you will read. If you did read more 
than just this, I appreciate it. For my acknowledgements, I would like to start 
with saying that being born in the Netherlands, with a prosperous economic 
situation, certainly helped in reaching my goals, and I am thankful of that. 
Many thanks to the countless number of teachers from elementary school 
to my last completed study who put in their effort to teach me something. 
But most importantly, I will have to thank you all. In this section I will elabo-
rate my acknowledgements a bit. In case you are reading this and there is no 
mention of you and you expected otherwise, I am sorry for that, but thank 
you anyway. 

Introduction
It is already more than 6 years ago when I got the following email from Niek 
Maas: 

“Beste Bart,
Ik heb via Jeroen de Vrij, post-doc binnen onze groep, vernomen dat 
er bij de groep van Prof. Elly Hol een AIO positie komt mbt tot het 
opzetten van een diermodel voor stroke.

Omdat jij zowel animal tech bent en neuroscience hebt gestudeerd, 
moest ik aan jou denken. Ik heb Elly Hol in de cc van deze mail gevoegd 
zodat je gemakkelijk contact kan opnemen.

Groet,

Niek”
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This happened to be the initiation of my time in the group of Elly Hol, as 
after several talks to my supervisors I could start as a PhD student in her lab. 
Niek, thank you very much for initiating this. We know each other for a very 
long time now and I am glad we are still friends. I also would like to share my 
gratitude that you will be one of my paranymphs, and thereby will also end 
this adventure with me. 

I probably could write several pages to why I would thank Elly Hol, but I’ll 
keep it short. First of all you gave me the chance to continue my studies in 
the direction I really wanted, namely glia. Furthermore, you let me be me, 
and gave me the freedom to find out how to carry out the project. I liked to 
experiment with many different methods, of which most did not make it into 
this thesis, but I learned a lot from it. You invited me to join many outings 
and encouraged me to get out of my comfort zone and just invite myself. I 
enjoyed the networking and I have had quite some nice dinners and drinks. 
Even though you are quite a busy person, you always had time to talk about 
the project, about problems, about potential plans, or just about stuff. You 
try to involve people, and thereby making the lab and it’s surrounding a very 
fun place to work. Elly, thank you very much for all the things you did to 
make my PhD to a success and the enjoying 5±1 years. 

If I did not have Mervyn Vergouwen as one of my supervisors, this thesis 
would have been very different. Mervyn, you were always there, and your 
input and knowledge about the patient was of great value. You kept us or-
ganized. If the plans became too vague, you stepped in and got the plans 
back to the main aim; how it would benefit the SAH patient. You truly were 
a complementing factor to the supervision and the direction of this thesis. 
Thank you very much!

Gabriël Rinkel, thank you for the supervision. You helped us get forward. The 
monthly meetings were something to look forward to, and after each one of 
them, I exactly knew what I had to do for the months to come. I would also 
like to thank you for the way you correct written manuscripts. Your construc-
tive criticism and the comments, with a nice dose of humour, made the texts 
a lot better. 
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The department of Translational Neuroscience was a nice place to work in. 
While different groups work there on different subjects, there always was 
unity. I think a lot of this can be attributed to Peter Burbach. Peter, thank you 
very much for the nice work environment you stimulated.

I would like to thank the defence committee, Prof dr. Rick Dijkhuizen, Prof. 
dr. Diederik van den Beek, Prof dr. Elga de Vries, Prof dr. Bart van der Zwan, 
Prof dr. Manon Benders and dr. Cora Nijboer for their time and effort and to 
make my defence possible. 

I would also like to thank all my internship supervisors during my prior stud-
ies, as they paved the way towards my PhD. During my MLO, Nancy Schuur-
man, Jan van Amsterdam, Edwin Willems helped me in understanding that I 
should continue my studies. Internships with Huib Versnel and Tonny Mulder 
during my HLO introduced me to the fascinating world of Neurosciences, 
and got me into the Neurosciences master at the VU. I really enjoyed my 
time during the internship with Tom Würdinger and Tonny Lagerweij, where 
I learned a lot, and I am really thankful for the encouragement to look for an 
internship in Tokyo. I thank Prof. Shigeo Okabe for giving me the opportunity 
to do research in his lab at the University of Tokyo. Even though it was one of 
the toughest things I have done, my time in Tokyo was also one of the best. 

Material and methods

Essential workers
My PhD mainly happened in the lab. As my project was a new project in an 
collaboration between Translational Neurosciences and the Neurology de-
partment, and as I did not have prior experience in the department, I had 
to rely on the knowledge of many people. These people are the essential 
workers in and around the lab. 

One thing that saved a lot of time was all the administration and IT matters. 
Joke, Ria, Vicki, Sandra, Krista and Roger Koot, thank you for your help and 
all the reminders on the paperwork that were required to complete this PhD. 
I am also glad I did not have to vacuum the floor every week, wipe my desk 
or change the garbage bag daily. A big thank you to the cleaning facility with-
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in our department. It saves a lot of time that we could now spend on our 
research. 

One. Labs on the 5th floor
Within the HolLab, I was the only one to start out doing work with animals. 
Finding my way on the 5th floor through labs that were predominantly oc-
cupied by the Adan- and KasLab was not easy at first, but luckily they were 
all very helpful to assist me. Special thanks to Mieneke, for taking her time 
to correct all work-protocols. Thanks to Mark Broekhoven on suggestions 
on the surgery and thanks to the IVD, both Fred and Harry, who were very 
helpful in how to approach the severe disease model I would be using. The 
caretakers of the animals had great suggestions on how to minimize the dis-
comfort in a practical way. Together with Marjolein Heil and Annemieke we 
were able to build a good intensive care unit. Thank you for your help. Jos, 
for keeping me company during the surgeries, and for building a higher sur-
gery table, without that I would still have an aching back. Thanks to the good 
connections Prof. Jeroen Pasterkamp has in Amsterdam, a mouse breeder 
was hired that helped me a lot in managing the mice. Thank you Chris for al-
ways thinking of me when you had some left over C57bl/6Js, and for the fun 
we had organizing the Easter-lunch. At the start of the project, I was glad to 
get some feedback advice on the Subarachnoid Hemorrhage research from 
Rick Dijkhuizen. You helped in creating nice ideas for the project, and I am 
sad the plans to involve a MRI-scanner did not work out as planned. I guess 
my plans were only feasible if a PhD takes 16 years. One of the things that 
I did get to work was the behavioural tests. Thanks to Martien Kas, Kim van 
Elst and Remco Molenhuis for the guidance and providing the right proto-
cols. Thanks to Jelle, Véronne and Jiska for keeping me company during the 
long behavioural sessions. It sometimes felt like I was the test subject in a 
social deprivation study, but seeing one of you during the weekends made 
me feel I was not. 

Two. Labs on the 4th floor
Different from the 5th floor, where I had to claim a spot for the HolLab, some 
HolLab pioneers had already colonized the 4th floor on my arrival. Thanks to 
Manja, Miriam and Jacqueline, who already filled some fridges and freezers 
with the basic needs to do some experiments, and claimed enough work-
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benches for all HolLab members to come. Luckily, the indigenous technicians 
were not hostile to these new inhabitants. On the contrary, they were most 
welcoming. Thanks to Henk Spierenburg for always knowing where to dis-
card our chemical waste. This got a lot messier, stinkier and more difficult af-
ter you left. Leo, you were always helping out everyone, everywhere. You’re 
truly a special person, I think people should make a movie about your work 
in the lab, it will be a blockbuster. During my pioneering time I was always 
looking for the best way to resolve my experiments into nice images. Thank 
you Youri for all the guidance in choosing the right microscopes and for 
teaching how to handle them. Thanks to Marina for the help in and around 
the histology lab. There, I had to embed some of the scarcely available hu-
man brain tissue from SAH patients into paraffin, that I had obtained from an 
obduction. Most of the tissue however, we got already embedded from Rinie 
Frijns, who had stored this most valuable collection for many years. Thank 
you for entrusting the collection for our research. Furthermore, thanks to 
the Netherlands Brain Bank for providing tissue from control patients. 

Hong Kong  
For my research I was in need of a good model. Luckily, the UMCU just estab-
lished a new programme to collaborate with the Chinese University of Hong 
Kong at the start of my PhD. Thanks to Mervyn and Gabriel for establishing 
contact with Prof. George Wong, who happened to have ample experience 
with a model for Subarachnoid Hemorrhage in his group. I had the oppo-
tunity to visit his lab. Many thanks to George Wong for the hospitality and 
giving me the chance to learn the technique, and thanks to Don and Vera for 
teaching me. 

Staying focused
There are several ways to stay focused in the department of Translational 
Neuroscience. To stay focussed, you sometimes need to relax a bit. Since the 
view from most parts of the department is just another building, looking out 
the window is not part of relaxing. A well-deserved break is an option, and 
to also stay focussed, one would drink a coffee during their break. Coffee 
in the department could be obtained through the big black machine in the 
lunch room. It’s disgusting, but it gets the job done. Thanks to the suppliers 
for sometimes refilling this machine on time. Luckily, there is a department 
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just next to Translational Neuroscience that has a small black machine, that 
produces significantly better coffee. Thanks to Nienke Derks for pointing this 
out to me. Then there is MiCafe, with their fancy barista coffee machine. 
This coffee is better, but is not cheap. Although I do not smoke, I really liked 
joining Nefeli, Emma and Renata’s breaks outside, usually enjoying a good 
MiCafe coffee. Last, there was the special Jenifer Aniston coffee machine. 
Next to it, there was a comfortable sofa, and most importantly, there always 
were good people in that office to talk to. Thank you Marjolein for always 
taking time to have coffees with me. I did not have to say much and still you 
knew exactly what I wanted. And if Marjolein was not present, either Jelle, 
Oliver, Max, Jeroen or Katherine were always in for a chat, thanks. 

Satiation and energy balance   
Although I have often complained about the food quality, the restaurant de 
Brink did have food, which is nice. Broodjes Amsterdam were sold by MiCa-
fe, a better alternative to the Brink. Even better, was broodje Ben, but came 
with a bit of a walk. The most amazing lunch one could get, was the Indian 
lunch from New Delhivery Curier Rice and Spice, made and delivered by Anuj 
and Divya. Thank you for the very delicious meals. 

Results
As you would have noticed by now, this acknowledgement section is written 
in the layout of a publication, and it needs a result section. As the result of 
doing my PhD, I got to know the following people, who I worked with, or did 
some side activities. You made my PhD a lot more enjoyable. 

Emma van Bodegraven is also one of the HolLab pioneers I talked about in 
the method section, but I wanted to elaborate a bit on why I would thank 
you Emma. Although our projects had little overlap, I always felt we were 
working in a great collaboration. We were the first to start as PhD students in 
the HolLab after it moved to Utrecht, so we had to set the mood. I think we 
managed by having a high ratio of fun/science. This demonstrates well in the 
Superawesomejournalclub we set up, together with Sharon and Rosalie. We 
never only did science, it always came with a good story, a snack, or several 
beers. In our view, a high science/fun ratio would be strange. I really liked our 
collaboration. Thank you for making me go to work with a smile. 
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Yujie, you are so funny. You never cease to surprise me. On top of that, your 
cooking skills are phenomenal, I think you won all the prices in the savoury 
category during each Easter-lunch. My okonomiyakies were no match. Thank 
you for teaching me Majong and inviting me for hot-pot. Delicious! 

Sophietje, it would not surprise me to hear you wear a Superwoman suit 
beneath your cloths. Like Clark Kent, you act like a normal person, but you’re 
not. The things you achieved during our time in Translational Neuroscience 
are out of this world. Doing night-shifts as a neurosurgeon, then coming back 
to the lab to pass your cells, and then ice-climb a mountain. Petje af. I en-
joyed working with you, thank you for all the fun we had and thank you for 
your enthusiasm. 

Marjolein, I already mentioned you above, thanking you for having coffee 
breaks with me. Moreover, I really liked our common interests, the running, 
the singing, the science. Thanks!

I was glad to have a desk in room STR4.129. They placed some amazing peo-
ple in there. Like Emma Sudria Lopez, a girl from Catalonia, spontaneous, 
elated. Aai Emma, your presence enlightens. You decorated the office. Or 
Renata, from Terceira, with an incredibly warm personality. You made the 
office an inviting place to come to. I think more people thought so, as there 
weren’t many days without guests. Andrea, you’re the cherry on top. Thank 
you all for making the office awesome.          
 
Nefeli, you’re one of the kindest persons I know. I think in your first year you 
needed some more help, but only Keith dared to come close. Luckily the 
storm settled down, and you got better at managing your lab work. It was 
great to have you around and thank you for the borrels. Moreover, thank 
you for guiding me on how to finish a thesis. You helped a lot these last few 
months.  

Ketharini, thank you for always being uplifting. I do not know how you do it, 
but you always seem so positive. I’ll hop by at the Jeruzalemstraat soon to 
be happy. 
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Although it is not hard to combine science with creativity, my experiments 
did not fully satiate my urge to be creative. I feel this was also the case for 
Daniëlle van Rossum. Thank you Daniëlle, for sparking my creativity with all 
the side projects we had going on. Too bad we did not win the prize for Na-
ture’s Scientist at Work Photography contest. I think we should have won. 

Amber, I like your genuine interest in others and your constructive feedback. 
For me personally, this meant that I could really clear my thoughts. Thank 
you for the talks in that bar in Düsseldorf, or just any talk in the hallway. I am 
glad you and Jessy are good at making movies. Jessy, I am glad you joined 
the HolLab. Your lively presence made it more enjoyable. Tamar, thank you 
for the nice time in Bertinoro and in the lab, and thank you for being such a 
good model for my photography. Jinte, I like that we level quite nicely. The 
ease to talk with you about things in and around science and other stuff was 
a nice way to get out for lunch. Let’s go again soon. Sara Schaafsma, Saskia, 
Hans and Gijsje, Lianne, Christiaan and Marloes, Werner, thank you for the 
great time in the HolLab! And thank you Jeroen, Jacques, Frank, Anna, Özge, 
Janna, Mateja, Lieke, Marieke, Mark Verheijen, Vamshi, Valeria, Pavol, Anna, 
Eljo, Geoffrey, Erwin, Desiré, Asami, and others for the fun in the Translation-
al Neuroscience department. 

I would also like to thank all the people I really collaborated with in my sci-
entific work. These include all the people that are co-authors on my other 
chapters, thank you. Most help I got are from my students. Marije, Zelonna 
and Viktor, you all did an amazing job for doing a ~6 month masters intern-
ship with me. Loads of work was performed that I did not have time for, 
resulting in nice data. Myrna, Jeanneke and Danny, your writing assignments 
helped me a lot. Daniëlle Vonk, thank you for helping out with the surger-
ies, it really made a difference in the amount of surgeries I could do in a 
day. Isadora, thank you for the imaging and tracing. Claudia, your tiramisu is 
amazing! Thank you for your help on the project. Thank you Inez for the help 
on the behavioural data and on the talks about SAH science, and Science in 
Transition. Vanessa, thank you for the help in setting up additional experi-
ments. Many thanks to Roland for continuing the surgeries. Mark and Dick, 
thank you for the help in explaining the statistical difficulties I had with the 
genetic data analysis. 
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During my PhD I did several nice side activities. I was glad to be part of the 
Pizza-Journal club committee, to organize journal clubs for master students, 
while eating pizza. Thank you Geert for making this possible, and Roland, 
Véronne and Dick for helping setting it up. I also enjoyed the teaching part in 
the behaviour course of Roger Adan. Thank you Inge Wolterink for organiz-
ing this mouse behaviour practical with the Bachelor students. It was a very 
small part of my PhD, but definitely a fun one. Thanks to the borrel commit-
tee for occasionally organizing drinks. 

I also did a lot of sports, and most sports come with competition. Su-
zanne, you always made a competition out of everything, and I am hap-
py you did. The Singel loop, the MudRun, the triathlon, the Swimming 
through the Amsterdam Canals for ALS were all a whole lot of fun.   
Climbing is not something to compete in, and rather encourage others to get 
better. Thank you Roland for introducing this amazing sport to me. Thank 
you Lill Eva, Onur, Paul, and Edu for encouraging me to climb a level higher. 
You can do it!

Paul, that was not the only mention of you. I saved you for last, at least for 
the result section. In research articles the last mentioned experiment is often 
the most conclusive for the story. Well, you are too. We have had an amaz-
ing time. When I first saw you I did not think we would go well together, but 
don’t judge someone on his suit. I got to know you as a very interested and 
kind guy, who is also in for fun or a joke. Like Suzanne, you are also always 
making things into a competitions, and you want others to make the most 
out of things. In combination with your kindness brings a lot of aspiration, 
that helped me both professionally and personally. This usually shows in our 
regular climbing sessions, where you push me to do that run-jump-dyno. 
Or, it shows during a karaoke sessions, singing André Hazes’ songs with full 
dedication. But also in the completion of this thesis, as you had a big hand 
in pushing me to finish it correctly. Thank you for being my paranymph, and 
thank you for the amazing time we had during our PhD, and hopefully will 
have somewhere between Utrecht and Voorburg in the future. 
Discussion 
It obviously does not need to be discussed that the friends and family from 
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outside your PhD should also be acknowledged. They are the people that 
shape you, and are the people you go to and discuss problems, spend time 
and have fun with. 

I’d like to thank Niek and Bashel for the nice rijstwafelmeetings, we try to 
organize once a month since we could not be at Club Delicious anymore. 
Whether it was ordered from Ying Bin, Djakarta or Tai Soen, I think the qual-
ity of the food did not matter, the gathering mattered. I am sad Leo Eigeman 
could not see the completion of this thesis, but I would like to thank him for 
everything he did. 

Martijn, we bumped into each other during our first year of the MLO, and I 
cannot remember a time since then that we lost track of each other’s where-
abouts. I am still glad you visited me in Tokyo, and I am sorry I cannot visit 
you more often in London. Thank you for being such a good friend. Mark, 
your hospitality is like no other. Even if I rang you out of your sleep, you 
would still just open the door at the FC Donderstraat. Thank you for the ease 
to have a good time. Together with Peter, we should soon go and see the 
Grand Mexican Warlock. 

Merijn, thank you for being so warm-hearted. Even though we see each oth-
er only once every two years, whether it is in Tokyo, Pohang, Edinburg or Eel-
de, we just continue our previous conversation.  I hope to visit you, Hearim 
and Matthijs in Hong Kong, or elsewehere, soon. Thank you for your support. 

Berto, thank you for all the great talks we’ve had and the fun trips we have 
made. Furthermore, thank you for introducing Siem, Egbert, Amber, Marieke, 
Neline to make the 030 group. It is nice to be part of it. Thank you for all the 
escapes! 

Egbert and Chris, thank you for the belaying!

Shashini, Tim, Linda, my (neuro)biological family, you guys are a fun bunch of 
people. Shashini, thank you for the nice Japanese/Korean dinners. Tim and 
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Linda, you two are suuperleuk! I really like our casual group of (ex)neurosci-
entists that go on adventures in London, hiking in Poland, or watch Disney 
movies on a couch. 

Emma, Eelke en Sven, thank you for sharing a room with me in Amsterdam, 
it was a lot of fun. Truus, Bonnie and the rest, thank you for your support. 

Vassillis, thank you for introducing me to the Camera Japan film festival. It is 
a nice way to feed my fascination for Japan. I hope we can go there together 
next time, or to the one in Barcelona. 
 
Harukata Miki, first of all, thank you very much for the invitation to eat at 
Darjeeling in Nippori. It was life changing. Since then, we have been on mul-
tiple hiking trips and went to many restaurants in and around Tokyo. And, 
when I could not be in Japan, you sent treats from Japan in a box, or just 
have a chat online. Thank you for the friendship. Thanks to Hayashi-san, 
Higashi-san, Kashiwagi-san, Arnaud, Kevin, George, Billy, Xiaojing and Li for 
making Tokyo a lot more enjoyable.   

To all my family, Schroten, Korenhof; Marry and Rob, van Dijk; Gerrie and 
Joke, van Baren/van Dijk, thank you for your interest in my study!

Marieke, Menno en Veerle, thank you for bringing more joy in life. Sanne, 
and Tjeerd, thank you for the nice family gatherings. Gerrit, Anneke, thank 
you for everything, you have always supported me during the studying and 
the non-studying, and I appreciate it very much. 

Lisanne, thank you for making me go home with a smile too.
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Curriculum Vitae
Bart van Dijk was born in Utrecht, the Netherlands, on 23 August 1985. After 
graduating from the MAVO at the Blaucapel College (currently called Gerrit 
Rietveld college) in 2003, he attended the MLO (Secondary Laboratory Edu-
cation) in Utrecht, combined with two internships. He did one internship at 
the department of Virology at the faculty of Veterinary, University Utrecht, 
studying strains of the feline calicivirus. The other internship was done at 
the Dutch National Institute for Public Health and the Environment (RIVM), 
in the Toxicity department, studying the carcinogenicity of cigarettes. There-
after, he attended the HLO (Higher Laboratory Education), leading to a Bach-
elor in Applied Science degree in 2010. During the HLO, he did another two 
internships, working at the otorhinolaryngology department of the UMCU 
studying the regenerative properties of hair cells in the vestibular system. 
The other internship was at the neuroanatomy department of the Vrije Uni-
versiteit in Amsterdam, studying neuronal activity in the medial prefrontal 
cortex of awake rats during attention. Thereafter he solo-travelled the world, 
visiting South-East Asia, Japan, Canada and the United States of America. 
He then started studying at the Vrije Universiteit in Amsterdam, enrolling in 
the research master programme Neurosciences. He did internships at the 
Cancer Center Amsterdam, VUMC, studying novel treatment options against 
paediatric glioblastoma and went on an internship abroad, at the Neurobi-
ology department at the University of Tokyo, studying synaptogenesis in the 
presence of astrocytic exosomes. Thereafter, he started his PhD in the lab 
of Prof. dr. Elly Hol, co-supervized by Prof. dr. Gabriël Rinkel and dr. Mervyn 
Vergouwen, which resulted in this thesis. During this time he travelled to the 
lab of Prof. dr. George Wong, at the Chinese University of Hong Kong to learn 
the surgery operation for a subarachnoid haemorrhage mouse model. After 
his PhD he started a post-doc position at the lab of Prof. dr. Marjo van der 
Knaap, studying the disease mechanisms of the leukodystrophy Vanishing 
White Matter, for one year. 
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