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Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is a devastat-
ing disease, which occurs through the rupture of an intrac-
ranial aneurysm. This bleeding usually takes place in the 
extraparenchymal compartment—the subarachnoid space. 
Brain injury after SAH occurs in two phases. Direct brain 
injury in the early phase starts with the onset of the bleed-
ing and is mediated mainly through physical stress. A rise 
in intracranial pressure (ICP) leads to a decrease in cerebral 
perfusion, which can induce hypoxia [40, 61]. Furthermore, 
blood elicits a deleterious effect on the brain parenchyma, 
leading to a swelling of the brain within the first days 
after SAH. Secondary brain injury in the delayed phase 
after SAH starts around days 4–7. The mechanisms of this 
secondary brain injury have been a matter of research for 
many decades. Since the time window between onset of 
the bleeding and development of delayed brain injury may 
give rise to preventive or therapeutical options, there is 
an obvious medical need for a better understanding of the 
pathophysiology of SAH, including its secondary effects. 
Delayed cerebral ischemia, following posthemorrhagic cer-
ebral vasospasm is the foremost and best described of all 
potential mechanisms of delayed brain injury. Therefore, 
prevention and treatment of cerebral vasospasm has been 
a major target within decades of scientific effort. After fail-
ure of recent pharmacological anti-vasospasm approaches 
to improve clinical outcome after SAH—despite the fact 
that significant reduction of cerebral vasospasm had been 
achieved—other possible mechanisms of delayed brain 
injury have been brought up [27, 41, 42, 73]. Cortical 
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spreading depolarisations (CSD), toxic effects of hemo-
globin metabolites, microthromboembolism and the role 
of the blood brain barrier (BBB) have been discussed [14, 
19, 48, 64, 66]. Inflammatory changes (i.e., an activation 
of innate immunity) have also been hypothesized as pos-
sible contributor to secondary brain injury, predisposal for 
cerebral vasospasm or aneurysm formation and rupture 
within the past years [13, 28, 53, 55, 68]. An inflammatory 
milieu in the subarachnoid space after SAH has already 
been well characterized by our group and others [17, 23, 
60, 70]. In the CSF of patients experiencing SAH, we 
found pro-inflammatory properties to be increased, which 
comprised an up-regulation of the leukocyte–endothelial 
interaction and transmigration [60]. Furthermore, we could 
show a positive correlation of the amount of inflammatory 
cytokines in posthemorrhagic CSF correlated directly with 
the severity of the hemorrhage and with the intracerebral 
accumulation of Interleukin-6 (as assessed by microdi-
alysate), suggesting that the inflammatory milieu of the 
subarachnoid space elicited also an intraparenchymal 
reaction [59]. Despite the latter finding, it has not been 
defined, if the extraparenchymal inflammatory milieu does 
also affect the central nervous system (CNS) tissue, and if 
inflammation within the CNS may also occur upon SAH.

Inflammatory cell invasion into and inflammatory cell 
accumulation within the CNS has been documented in a 
variety of other pathologies. While astroglia are of neu-
roectodermal origin, microglia (MG) rely on lineage-
committed precursors in the yolk sac and are considered 
the brain’s residential immune cells [1, 36, 57]. Microglia 
have been discussed to play pivotal roles in CNS patholo-
gies like Alzheimer’s disease, autoimmune encephalo-
myelitis, traumatic brain injury and ischemic stroke [4, 
8, 32, 38], where microglia fulfill their pleiotropic roles 
as cells of the innate immune system, including antigen 
presentation, phagocytosis and production of a variety of 
cytokines and chemokines. They have furthermore been 
described to be attracted to and activated by a variety of 
toxic or inflammatory stimuli and have been shown to 
initiate gliotic scar formation via secretion of respective 
cytokines.

In contrast to these cerebral diseases, the primary pathol-
ogy of SAH takes place in the extraparenchymal compart-
ment. Apart from a minority of SAH that are accompanied 
by intraparenchymal hematomas, the subarachnoid bleed-
ing typically occurs in the basal cisterns.

In the present study, we have tested the hypothesis 
whether SAH causes a delayed inflammatory response 
within the brain parenchyma. We can show that the brain 
parenchyma upon SAH is affected by microglia, which get 
activated and release various pro-inflammatory cytokines, 
ultimately leading to axonal injury and neuronal cell loss, 
thus aggravating secondary brain injury after SAH.

Materials and methods

Human specimens

Records of all human patients, who had died in the course 
of SAH between 1983 and 2005 and were sectioned in 
the Department of Neuropathology at the University of 
Göttingen, Germany, were retrospectively reviewed. In 
this department, routine sectioning is offered and recom-
mended for all in-hospital mortality. Care was taken that 
these patients did not suffer from CNS infection, intracer-
ebral hematoma, cerebral vasospasm or respective infarc-
tions. Sections of the brain parenchyma in various posi-
tions (near site of hemorrhage, far from site of hemorrhage, 
hippocampus) were obtained for histological analysis. To 
obtain appropriate sample sizes, the human specimens were 
pooled for the following time intervals (from onset of SAH 
until death): 1–4 days (n = 6), 5–8 days (n = 3), 9–15 days 
(n = 7) and more than 16 days (n = 5). The clinical course 
of these patients was retrospectively reviewed.

Histological analysis of the human brain sections for 
microglia/macrophages was done after deparaffinization and 
rehydration of the slides (10 µm), taken from tissue blocks 
near the aneurysm location and far from the aneurysm loca-
tion. The slides were incubated overnight at 4 °C with a pri-
mary antibody against CD68 (KiM1P) to detect microglia/
macrophage cells (Abcam, 1:50,000 in 10  % FCS/PBS). 
The slides were incubated with the secondary antibody 
(biotinylated anti-mouse, Amersham, 1:200 in 10  % FCS/
PBS) for 1  h at room temperature, followed by visualiza-
tion with ExtrAvidin Peroxidase (Sigma, 1:1000 in 10  % 
FCS/PBS, 1 h at room temperature) and DAB (25 mg/50 ml 
PBS + 25 µl 30 % H2O2). Counterstaining was done with 
hemalaun for 30 s, before the slides were rinsed in tab water 
and mounted with permanent mounting media.

Animal experiments

C57Bl/6-wild type and C57Bl/6-GFP-mice as well as 
CD11b-HSVTK mice were kept at the Forschungszentrum 
für Experimentelle Medizin, Charité, Universitätsmedizin 
Berlin. All animals used for induction of SAH or irradia-
tion experiments were 12–14 weeks old (total body weight: 
app. 22–25 g) at the start of the experiments.

Study approval

All animal experiments were approved by the local ethics 
committee on animal research (Landesamt für Gesundheit 
und Soziales Berlin, Germany, RegNr G240/08) and were 
committed in conformity with the German law of animal 
protection and the National Institute of Health guidelines 
for care and use of laboratory animals.
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Animal model of experimental SAH

A filament perforation model was applied to initiate 
SAH in female C57Bl/6 mice. To this end, the mice were 
placed in supine position after induction of an intraperi-
toneal ketamine/xylazine anesthesia. A midline incision 
was performed to expose the trachea, the vagus nerve and 
the carotid artery. A 5–0 non-absorbable monofilament 
polypropylene suture (Prolene, Ethicon, Norderstedt, Ger-
many) was introduced into the external carotid artery in 
a retrograde fashion and then flipped to turn anterograde 
into the internal carotid artery. Under continuous blood 
flow through the common carotid artery the filament was 
pushed forward intracranially until puncture at the intrac-
ranial carotid bifurcation was achieved. This was accom-
plished 12  mm distally from the extracranial carotid 
bifurcation. Animals suffering from hemiparesis after the 
operation were excluded due to the expected occurrence 
of intraparenchymal hemorrhage or stroke. At the end of 
the experiments, the animals were perfused with ice-cold 
formaldehyde (4 %) under deep anesthesia and the brains 
were harvested for later immunohistochemical analysis.

Immunohistochemical and immunofluorescence 
analysis of the murine brains

Immunohistochemical and immunofluorescence analysis of 
all murine brain specimens was performed in coronary sec-
tions (thickness 10  µm). Standard hematoxylin/eosin and 
iron stainings were performed in all animals [58]. In con-
trast to KiM1P-stainings in our human experiments, micro-
glia/macrophage cells herein were visualized by staining 
for ionized calcium-binding adaptor molecule-1 (Iba-1) in 
the murine experiments. Axonal injury was stained with 
extracellular amyloid precursor protein (APP).

Immunohistochemistry stainings for light microscopy 
were done in an automated staining machine (Ventana 
NexES v9.30, Ventana Medical, Tucson, USA). Primary 
antibodies included rabbit anti Iba-1 polyclonal antibody 
(1:500 WAKO Pure Chemical Industries) and mouse 
anti-APP (1:1000 Millipore). Secondary antibodies were 
DyLight 488 donkey anti rabbit (1:200 Jackson Immu-
noResearch Lab) and FITC donkey anti-mouse (1:100 
Jackson ImmunoResearch Lab). Complete automate stain-
ing protocols (92 steps) can be provided upon request.

For evaluation a camera-equipped microscope was used 
(Olympus Bx53 equipped with Olympus DP21, Olympus 
K.K., Tokyo, Japan).

Quantification of cell accumulation was difficult due to 
the extremely dense accumulation of the cells—especially 
on day 14. For counting of cells, five HPFs around the area 
of highest density were chosen, knowing that this method 
leads to an underestimation of the actual cell number. To 

confirm the results obtained in these cell counts, we fur-
thermore measured the area covered by Iba-1-positive cells 
in relation to the total brain section surface.

Immunofluorescence stainings were performed for Iba-
1, NeuN, cell death, IL-6 and TNF-α. Slides were protected 
and nuclei were labeled with DAPI mounting medium in 
all protocols (Dianova). The slides were incubated with the 
primary antibodies at 4° overnight. The secondary antibod-
ies were incubated for 2 h at room temperature. Antibodies 
used include rabbit anti-Iba-1 (1:250 WAKO Pure Chemi-
cal Industries), mouse anti-NeuN (1:200 Millipore), goat 
anti-Il-6 (1:200 Abcam), goat anti-TNF-α (1:200 R&D), 
DyLight 488 donkey anti rabbit (1:200 Jackson Immu-
noResearch Lab), FITC donkey anti mouse (1:100 Jack-
son ImmunoResearch Lab) and DyLight 488 donkey anti 
goat (1:200 Dianova). Neuronal cell death was detected 
by terminal deoxyuridine triphosphate nickend labeling 
(TUNEL, ApopTag© Red In Situ, Apoptosis Detection Kit, 
Millipore), according to the manufacturer’s protocol.

For quantitative analysis, whole sections were mounted 
and analyzed under a fluorescence microscope (Zeiss, Axio 
Observer Z1, Carl Zeiss, Microimaging GmbH, Munich, 
Germany) equipped with a digital camera (AxioCam MRc) 
and hard drive for later offline freeware image analysis 
(ImageJ.net). Immunofluorescence sections were divided 
into 6–10 high power fields, allowing for total cell counts 
per brain section on three different levels of the brain 
(bregma, and 1.5 mm before and behind).

Green fluorescent protein (GFP)–bone marrow chimera 
model

To determine the CNS origin of Iba-1 positive cells in the 
brain, and thus to distinguish between microglia and second-
arily invaded macrophages, a chimeric mouse model was 
utilized. C57Bl/6 mice were lethally irradiated (11.5  Gy) 
and reconstituted with preseparated donor bone marrow 
cells (1 ×  107 cells per recipient, i.v. injection, maximum 
3 h after irradiation) from GFP-positive mice. During irradi-
ation the animals’ heads were covered with a lead chamber, 
developed by our group [46], to protect the CNS and the 
BBB from irradiation effects. The animals were then kept 
in individually ventilated cages under antibiotic prophylaxis 
(Baytril 0.01 % via drinking water, Bayer Animal Health) 
and meticulous clinical control. After 6–8 weeks, the recon-
stitution was verified by FACS analysis of the peripheral 
blood. The mice were then further processed in the experi-
mental SAH procedures as described above. Evaluation 
of the origin of the Iba-1-positive cells was performed on 
day 14 after SAH. These GFP–bone marrow chimeric mice 
allowed for differentiation of GFP-positive cells (periph-
eral blood pool-derived macrophages) and primary brain 
derived, GFP-negative cells (microglia).
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Isolation of microglia from the murine brains

To further analyze the microglia cell fraction for inflam-
matory properties, a cell extraction assay was estab-
lished in our laboratory. In a separate set of experiments, 
murine brains after SAH were brought into suspension, 
taking advantage of the MACS© Neural Tissue Dissocia-
tion Kit (Miteny Biotec), according to the manufacturer’s 
recommendation.

For the isolation of microglia cells from the suspensions, 
six hemispheres were pooled for a higher cell yield. The 
experimental setup was repeated twice. Thus, a total of 12 
hemispheres were analyzed. To this suspension a magnetic 
microbead-labeled CD11b-antibody (CD11b MicroBeads, 
Miteny Biotec, Germany) was added, normalized to the 
respective total volume of the suspension. After incubation 
at 4° for 15 min, the respective cell pools were added to a 
pre-cooled column placed within a magnet, in which only 
the magnetically labeled cell fraction was held, while the 
non-labeled cells passed the column. After elution, a sec-
ond column was used to improve the purity of the CD11b-
positive cell fraction. The purity of this CD11b-positive 
microglia cell fraction was evaluated by FACS, using anti-
bodies against CD11b and CD45 (BD Bioscience, FITC-
coupled, M1/70, APC-coupled 30-F11). DAPI (1:100, 
Sigma Aldrich, USA) was added to the cell suspension to 
exclude dead cells before samples were measured on the 
FACS (BD FACSCanto™ II, BD Bioscience, Germany).

Quantification of inflammatory cytokine mRNA 
and cDNA in the isolated microglia

RNA extraction was performed from the isolated micro-
glia cell fraction, using RNA Extraction Kit (NucleoSpin© 
RNA II, Fisher Scientific, UK). The amount of RNA was 
evaluated at 260  nm filter range. From RNA, cDNA was 
reversely transcribed using QuantiTec© Reverse Transcrip-
tion Kit (Quiagen), according to the manufacturer’s recom-
mendation. Quantitative real-time PCR (RTq-PCR) was 
then performed for Il-1α, Il-1β, TNF-α, Il-6 and the corre-
sponding receptors Il1r1, Il1r2, Il6r, Tnfr1 and Tnfr2 using 
QuantiTect SYBR Green PCR Kits (Quiagen) and the, 
respectively, designed primers (Primer3, freeare, simgene.
com). Primer sequences are displayed in Table 1. All prim-
ers were produced by TIB MOLBIOL (Berlin, Germany).

Iba‑1 and intracellular protein staining for FACS 
analysis

Iba-1 staining was realized after fixation of brain homoge-
nates with 2  % paraformaldehyde (Sigma, USA) using 
the following antibodies: V450 anti-CD11b (M1/70, BD 
Pharmingen), allophycocyanin-conjugated anti-CD45 

(30-F11, BD Pharmingen) and rabbit anti-mouse Iba-1 
(Wako, Japan). As secondary antibody Dylight 549-con-
jugated anti-rabbit IgG (Dianova) was added. Here, 
CD11b+CD45+ cells were gated and afterwards the per-
centage of Iba-1-positive cells was calculated.

The protein analyses of IL-6 and TNF-α were done 
quantitatively by FACS. Briefly, cells of brain homogenates 
were cultured in 1 mL DMEM-media (GIBCO; containing 
10 % FCS) with 5 µg/ml Brefeldin A (SigmaAldrich, USA) 
at 37° for 5  h, allowing for accumulation of intracellular 
proteins. After washing in PBS, the cells were fixed in 2 % 
formaldehyde at room temperature for 20  min. To allow 
for intracellular staining, the membrane permeability of 
cells was induced using Saponin buffer (0.5 %). Cells were 
stained with FITC anti-CD11b (M1/70, Biolegend), allo-
phycocyanin-conjugated anti-CD45 (30-F11) and with PE 
anti-IL-6 or PE anti-TNF-α (BD Pharmingen), All samples 
were measured on a BD FACSCanto II (BD Pharmingen™, 
Heidelberg, Germany) and evaluated with FlowJo software 
(Tree Star).

CD11b‑HSVTK‑mouse model with intraventricular 
application of ganciclovir

To evaluate the impact of microglia activation on secondary 
brain injury after experimental SAH, we used Nestin-GFP 
HSVTK-mice for our experiments. In these animals, Nes-
tin-positive cells (e.g., neuronal precursors) are GFP-pos-
itive as well. To rule out a contribution of Nestin-positive 

Table 1   Primer sequences

Il-1α 5′-GGCTCACTTCATGAGACTTGC-3′ (forward)

5′-AGGTGTAAGGTGCTGATCTGG-3′ (reverse)

Il-1β 5′-ATCACTCATTGTGGCTGTGG-3′ (forward)

5′-CATCTCGGAGCCTGTAGTGC-3′ (reverse)

TNFα 5′-GACAGTGACCTGGACTGTGG-3′ (forward)

5′-TCTGTGAGGAAGGCTGTGC-3′ (reverse)

Il-6 5′-GACTGATGCTGGTGACAACC-3′ (forward)

5′-TTCTGCAAGTGCATCATCG-3′ (reverse)

IL1R1 5′-GCAGAACCACCTCTGAGACC-3′ (forward)

5′-GAGTAGGCAGAGATCGGAAGG-3′ (reverse)

IL1R2 5′-GCGGACAATGTTCATCTTGC-3′ (forward)

5′-CTGGAGATGTCGGAGTGAGG-3′ (reverse)

IL6R 5′-ATAGCCTGTCCATGCTCTGC-3′ (forward)

5′-ACTGTGGCTCTGTGGACTGTGG-3′ (reverse)

TNFR1 5′-CTGTATGCTGTGGTGGATGG-3′ (forward)

5′-CCACTACTTCCAGCGTGTCC-3′ (reverse)

TNFR2 5′-CAGTTGCAGGTCAAGTGAGG-3′ (forward)

5′-CTGCAGTGTCAGCATTCAGG-3′ (reverse)

GAPDH 5′-CCAGCCGAGCCACATCGCTC-3′ (forward)

5′-ATGAGCCCCAGCCTTCTCCAT-3′ (reverse)
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cells to our cell counts of Iba-1- and NeuN-positive cells, 
unstained sections were evaluated for Nestin-GFP signal 
before further processing. No native Nestin-GFP signal was 
found in our mice.

CD11b-HSVTK mice have been described earlier 
[32]. In brief, CD11b-positive cells (e.g., monocytes, 
macrophages and microglia) harbor the HSVTK suicide 
gene, which is sensitive to ganciclovir. Application via 
an osmotic mini pump into the ventricular system targets 
intracerebral CD11b-positive cells (i.e., microglia) in the 
CNS predominantly similarly as described earlier [24, 69]. 
Experimental SAH was induced in CD11b-HSVTK mice 
as described above. Thereafter, animals were turned into a 
prone position, the scalp was incised, and a navigated burr 
hole craniotomy was established 0.8  mm parasagittal on 
the level of the bregma. Via this craniotomy the ventricu-
lar catheter of an osmotic mini pump (Alzet© Brain Infu-
sion Kit, Charles River) filled with ganciclovir (2  mg/ml; 
230 µl/pump) was introduced and connected proximally to 
the pump. Negative littermate CD11b-HSVTK mice served 
as controls.

After 9 days of infusion, the brains of these mice were 
harvested, cut in coronary slices (10  µm) and stained for 
Iba-1 and neuronal cell death, as described above.

Statistical analysis

Statistical analyses were performed using GraphPad 
PRISM (GraphPad Software, version 6.0). All data were 
analyzed by Student’s t test or ANOVA (as displayed in the 
respective figure legends) to detect statistical differences. 
All cell count values are displayed as means ±  standard 
deviations. p values of p  <  0.05 were considered statisti-
cally significant. For cytokine expression analysis (Fig. 5c, 
d), no suitable statistical comparison could be done. 
Although 12 hemispheres were analyzed, due to the pool-
ing, only two values resulted per time point.

Results

Characterization of cellular inflammation in human 
brain specimens after SAH

Brain specimens of 21 patients were identified, that had died 
within the course of SAH, and that had neither suffered from 
CNS infection nor from cerebral vasospasm. Patient charac-
teristics are displayed in Table 2. Cases with intraparenchymal 
bleeding and/or territorial infarctions were excluded. An illus-
trative case with severe SAH (Fisher 3) from an aneurysm of 
the tip of the basilar artery is depicted in Fig. 1a, b. Extraparen-
chymal bleeding was exclusively seen in the subarachnoid 
compartment at the brain base and surface of the investigated 

brain specimens (Fig. 1c). An intraparenchymal accumulation 
of microglia/macrophage cells was evident in the respective 
sections (Fig.  1d). This was even more pronounced in sam-
ples that were taken near the site of the ruptured aneurysm. 
Here, a significantly larger number of microglia/macrophage 
cells per high power field were documented between days 5 
and 15 after the bleeding when compared to earlier time points 
(Fig. 1e). At later time points, a subsequent decrease of micro-
glia/macrophages was seen, which was comparable to days 
1–4. The peak of this cellular inflammatory reaction occurred 
in a phase, in which secondary brain injury typically takes 
place. The retrospective review of the patient data revealed 
an initially high mortality rate of 29 % within the first 4 days 
(Fig.  1e), representing the devastating course of early brain 
injury after severe SAH. Throughout the following period, 
the mortality decreased to 14 %, i.e., almost halving its value 
before it rose again to 33 % coinciding with the highest micro-
glia/macrophage accumulation in the parenchyma, which led 
us to further investigate the observed phenomenon. Represent-
ative histological images for the microglia/macrophage accu-
mulation are displayed in the addendum to Fig. 1g–j.

Table 2   Human data: patients’ characteristics

aCom anterior communicating artery, MCA middle cerebral artery, 
VA vertebral artery, pCom posterior communicating artery, ICA inter-
nal carotid artery, BA basilar artery, AICA anterior inferior cerebellar 
artery

Age (mean ± sd) 56 ± 16

Gender (m/f) 0.32

Hunt and Hess Grade

 Grade 1 0

 Grade 2 0

 Grade 3 4

 Grade 4 4

 Grade 5 11

 Not documented 2

Aneurysm location

 aCom 7

 MCA 6

 VA 3

 pCom 2

 ICA 1

 BA 1

 AICA 1

Treatment

 Clipping 2

 Coiling 1

 Conservative/none 18

Drain/probe

 EVD 6

 ICP-probe 7

 Lumbar drain 0
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Characterization of cellular inflammation in murine 
brain specimens after experimental SAH

To induce SAH in mice, we used intravascular filament 
perforation that resulted exclusively in extraparenchymal 
bleeding. While the procedure of SAH induction in mice 
was highly standardized, the consequences including the 
clinical course were less predictable. Therefore, at the 
end of experiments all animals were thoroughly assessed; 
mice presenting with intracerebral hemorrhage were thus 
excluded from further studies. This type of evaluation 
consisted of a macroscopical analysis of bleeding into 

the subarachnoid space at the brain base at different time 
points (Fig. 2a) and a microscopic assessment of hematox-
ylin/eosin (HE)-stained brain sections at early time points 
(Fig.  2b). An iron stain proved the occurrence of SAH 
while excluding intraparenchymal bleeding, also at later 
stages (Fig. 2b, right).

A marked accumulation of Iba-1-positive cells was 
detected within the brain parenchyma, starting at the 
brain base around day 4 (Fig.  2c, left), suggesting an 
accumulation of immune cells of myeloid origin—i.e., 
resident microglia or peripherally derived macrophages. 
This intraparenchymal accumulation culminated into a 

a b

e f

c

d

Fig. 1   Human data. a Illustrative image of an intracranial aneurysm 
at the basilar tip (arrow tip), displayed through digital subtraction 
angiography. b The rupture of the aneurysm caused subarachnoid 
hemorrhage, displayed within the basal cisterns of the central nerv-
ous system on computed tomography. c The bleeding typically occurs 
outside the brain parenchyma, in the subarachnoid compartment 
(arrows, scalebar 100 µm)—hematoxylin and eosin staining. d Based 
on immunohistochemical stainings of brain specimen of patients who 
had died in the course of SAH, an accumulation of KiM1P-positive 
microglia/macrophage cells inside the brain parenchyma was found. 
This reaction was primarily seen in regions near the site of hemor-
rhage (illustrative image of a patient deceased 12  days after the 
bleeding; scalebar 100 µm). e The time course showed very limited 
appearance of KiM1P-positive cell accumulation until day 4 after the 
bleeding. A significant increase over days 5–8, and a climax between 
days 9 and 15 was documented. After day 16, a subsequent decline 
was found. ns not significant, **p  <  0.01, ***p  <  0.001 ANOVA. 

f The clinical course of the respective patients was retrospectively 
reviewed. In our patient collective the clinical course paralleled the 
occurrence of microglia cells. After an initial phase of early brain 
injury (day 1–4), in which the mortality rate was 29 % (6 patients), 
a lower mortality rate of only 14 % was documented until day 9 (3 
patients). A second peak in mortality of 33  % was documented 
between days 9 and 15 (7 patients), the respective time interval, when 
microglia accumulation had been shown to be most pronounced. At 
later time points (after day 16), the mortality rate declined again to 
24  % (5 patients). Figure  1 addendum: Representative histological 
stainings for KiM1P in sections of patients who had deceased within 
the respective time intervals, displayed in e and f (days 1–4, days 
5–8, days 9–15, days 16 and following). The images show a signifi-
cant increase in the number of microglia/macrophages in the brain 
tissue on days within these chosen time intervals. g 1 day, h 8 days, i 
14 days, j 25 days after the hemorrhage
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massive reaction around day 14. It surpassed the basal 
ganglia, reached the corpus callosum and in some slices 
even subcortical and cortical areas (Fig. 2c, middle). This 
very dense and focal accumulation of Iba-1-positive cells 
seemed to fade into a significantly less dense, but more 
global spread of inflammatory cells until day 28 after the 
bleeding (Fig. 2c, right). Evaluation of the number of Iba-
1-positive cells per HPF and the covered area showed a sig-
nificant increase over time (Fig.  2e). Thus, SAH resulted 
in a centrifugal spreading of microglia/macrophage accu-
mulation from the base to the cortex of both hemispheres, 
resembling a wave of intracerebral immune cell activation.

Neuro‑axonal injury after experimental SAH

Coinciding with this cellular inflammatory response, we 
found signs for axonal injury, displayed by an intraparen-
chymal accumulation of extracellular amyloid precur-
sor protein (APP). Interestingly, the APP accumulation 

followed the time course and spatial distribution pattern of 
the intracerebral immune cell activation (from the base to 
the cortex of both hemispheres with a peak at 14 days after 
SAH). The APP-covered area increased significantly over 
time (Fig. 2d, e).

We furthermore assessed whether neuronal cell death 
occurs and co-localized NeuN-immunoreactivity and 
TUNEL-positivity. Here, we identified a significantly 
higher activity of DNA fragmentation in neurons in the 
time course of the experiment (Fig. 3a). In cell counts, an 
increase of dying neurons could be detected from day 4 
on. This became highly significant on day 14, before the 
number declined again towards day 28 after SAH (Fig. 3b). 
Correspondingly, the absolute number of vital neurons 
declined significantly until day 28 (Fig. 3c).

Summarized, we confirmed neuro-axonal injury in the 
time-course of experimental SAH that closely followed the 
time course of microglia/macrophage accumulation in the 
brain tissue.

Fig. 1   continued
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Accumulating Iba‑1‑positive cells originate 
from resident microglia pool

Next, we addressed the origin of the observed Iba-1-posi-
tive cells that accumulated in the brain parenchyma. To 
determine, whether our Iba-1-positive cells were resident 
microglia or were derived from the periphery, invading the 
brain parenchyma, possibly through a compromised blood 
brain barrier, we generated chimeric mice harboring green-
fluorescent-protein (GFP) bone marrow. In these mice, 
peripheral cells including those of myeloid origin are GFP-
positive, while radio-resistant resident microglia are GFP 
negative. Since there are some reports suggesting that whole 
body irradiation in the absence of head protection may influ-
ence the amount of peripherally derived myeloid cells [1, 
34]—an issue which is still a matter of an ongoing debate 
in the field [22, 52]—we shielded the head (Fig.  4a). The 
reconstitution rates of the myeloid cell lineage in the blood 
after GFP–bone marrow transfer were up to 85  % (meas-
ured by the amount of GFP-positive cells in the blood of 
recipient mice) and thus comparable to the amount of GPF-
positive cells upon total body irradiation without shielding 
the head [46]. Thus, a precise discrimination of infiltrating 

peripherally derived presumably GFP-positive macrophages 
from resident GFP-negative microglia in the brain was fea-
sible. When analyzing the amount of Iba-1-positive and 
GFP-positive myeloid cells, we detected only few Iba-1-/
GFP double-positive cells, while most of the iba-1-posi-
tive cells lacked a GFP signal, demonstrating that resident 
microglia but not peripherally derived myeloid cells are the 
source of the accumulating inflammatory cells (Fig. 4b, c).

Pro‑inflammatory cytokine and receptor profiles of the 
microglia cells during SAH

Our experiments showed that resident microglia and 
not peripheral macrophages accumulate in the brain tis-
sue after induction of SAH. Beside Iba-1, microglia also 
express the surface molecule CD11b. Therefore, we ana-
lyzed the proportion of microglia within brain homogen-
ates of mice after SAH by CD11b+CD45+ expression via 
FACS. Here, we observed a slightly increased percentage 
of CD11b+CD45+ cells within the whole brain cell suspen-
sions of animals on day 4 and 14 following SAH, while 
towards day 28 a decline was seen (Fig. 5a). Additionally, 
a co-staining with Iba-1 was performed to verify their fac-
tual CNS-intrinsic microglial origin (Fig.  5b). At all time 
points, the amount of Iba-1-positive cells retained the high 
levels of naïve mice.

In the next step, primary microglia were isolated by 
CD11b via MACS from brains of mice at various time 
points after SAH to investigate their genetic pro-inflam-
matory cytokine profile and the corresponding receptors. 
The analyzed cytokine genes Il6, Tnfα and Il1α/β can be 
up-regulated by activated macrophages. All investigated 
molecules showed an up-regulation within the microglia 
cell population after SAH induction. While the increase of 
Il6 and Il1α was only gradual during the course of disease, 
Tnfα exhibited high-level expression on day 14 only. Il1β 
was strongly up-regulated at day 4 after SAH and main-
tained a stable expression level over time (Fig. 5c). There-
fore, we conclude that microglia were able to up-regulate 
pro-inflammatory cytokines in response to SAH.

In addition, the expression of the cytokine receptors was 
elevated except for Il1r1 that displayed no regulation. For 
Il1r2, the highest relative expression levels were seen on 
day 4. For Il6r and Tnfr the relative expression levels were 
constantly rising until day 28 (Fig. 5d). These results show 
a sustained expression of both, pro-inflammatory cytokines 
and their corresponding receptors, in resident microglia 
isolated upon SAH at various time points, thus verifying an 
inflammatory state of the cells.

Since we found Il6 and Tnfα-genes strongly regu-
lated, we aimed at assessing the respective protein lev-
els by means of a quantitative FACS-based analysis, 
which revealed an up-regulation also on protein level. A 

Fig. 2   Murine experiments. a Illustrative macroscopic findings in 
perfused brains. After sham operation, no subarachnoid blood could 
be detected around the brain (left). Early after induction of experi-
mental SAH (day 2), a diffuse bleeding was detected in the suba-
rachnoid compartment (middle), where it remained after washout by 
intra-arterial perfusion. CSF-circulation subsequently washed out 
blood in the subarachnoid space. No residual blood could be detected 
macroscopically at day 28 (right). b To prove the occurrence of suba-
rachnoid hemorrhage, hematoxylin/eosin stainings were performed 
at day 2 after the bleeding (left, arrow pointing at SAH). To rule out 
parenchymal damage by ischemia or intraparenchymal bleeding, 
hematoxylin/eosin staining was performed at day 28 (middle, arrow 
pointing at site of former hemorrhage). To prove the occurrence of 
the hemorrhage at the end of the experiments, when no residual blood 
could be seen macroscopically, iron staining for detection of hemo-
globin was done (right), showing hem residuals in the ambient cis-
tern (arrows). Scalebars 500  µm. c Staining for Iba-1-positive cells 
in the brain parenchyma after experimental SAH showed the ini-
tiation of an early accumulation near the site of the induction of the 
hemorrhage (left). The highest accumulation of Iba-1-positive cells 
was seen on day 14 after the hemorrhage, surpassing basal ganglia, 
reaching the corpus callosum and even cortical brain areas (middle). 
At the end of the observation period, a less dense but global accumu-
lation of Iba-1-positive cells was seen throughout both hemispheres 
(right). d Stainings for extracellular APP revealed an accumulation 
around the site of cellular accumulation near the brain base on day 4 
(left). This accumulation culminated around day 14, showing massive 
extracellular APP accumulation, that paralleled the cellular reaction 
(middle). Towards day 28, less extracellular APP could be stained 
(right). Scalebars (lower magnification) = 500 µm, scalebars (higher 
magnification) = 100 µm, n = 6 per time point. e Quantification of 
Iba-1-positive cells per HPF (left), and evaluation of the total covered 
area of the respective brain sections by Iba-1-positive cells (middle) 
and extracellular APP (right). ANOVA: **p  <  0.01, ***p  <  0.001, 
****p < 0.0001

◂
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significant increase of IL6-producing microglia was found 
throughout the time course of the experiments until day 14 
after SAH. At day 28, a decline was noted, but the percent-
age of IL-6-producing cells was still significantly higher 
than in controls (Fig.  5e). By immunohistochemistry we 
confirmed that Iba-1-positive cells were the source of IL-6 
on day 14 (Fig. 5f). The percentage of cells producing IL-
6 was low. Yet, no other source of IL-6-production could 
be identified. On the other hand, the percentage of TNF-
α-producing microglia was much higher (around 30  %). 
The rise over time also showed significant values on day 
14, similar to the course of RNA expression. More interest-
ingly, also the expression per cell was significantly higher 
for TNF-α (Fig. 5g).

Attenuation of neuronal cell death after SAH 
by microglia depletion

Taken together we show that SAH in mice and humans 
leads to a secondary wave of intracerebral inflammation, 
mediated mainly via an accumulation of resident microglia 
cells, which coincided with a presumably secondary neuro-
axonal injury. In order to further test the hypothesis, that 

the brain becomes a target of its own resident (microglia-
based) immune system after SAH, i.e., that resident micro-
glia mediate this neuro-axonal injury, we depleted micro-
glia in vivo using CD11b HSVTK+/− mice [32]. Here, 
intraventricular infusion of ganciclovir, as also reported 
elsewhere [24, 69], leads to a substantial reduction of 
CD11b-positive cells (Fig.  6a), resulting in a decrease of 
microglia by 76 % compared to the CD11b HSVTK−/− lit-
termate control animals (Fig. 6b).

In order to address, whether microglia accumulation 
is cause or consequence of delayed neuronal injury after 
SAH, we found the number of dying neurons upon SAH 
in the microglia-depleted animals significantly reduced 
by two-thirds after SAH in comparison to their CD11b 
HSVTK−/− littermates with unaffected microglia (Fig. 6c, 
d). Accordingly, the number of residual, vital neurons was 
significantly higher in microglia-depleted animals (Fig. 6e).

Discussion

Recently, inflammatory processes have been discussed as a 
possible mechanism for brain injury after SAH [15, 25, 43, 
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Fig. 3   Neuronal apoptosis in mice after experimental subarachnoid 
hemorrhage. a Representative immunofluorescence staining of neu-
rons (NeuN, green) and apoptosis (TUNEL, red). Nuclei were stained 
with DAPI (blue). An increased number of apoptotic neurons could 
be detected throughout the time-course. At day 4 (d4, upper), a small 
number of neurons were stained positive for TUNEL as well. At day 
14 (d14, lower), a higher number of neurons also expressed TUNEL-

positivity (scalebars  =  100  µm). b In control animals, almost no 
apoptosis in neurons was detected. On subsequent days 4, 14 and 28, 
a significant increase in the number of apoptotic neurons could be 
found. c Accordingly, the total number of neurons decreased signifi-
cantly over time, when compared to controls *p < 0.05, **p < 0.01, 
***p < 0.001, ANOVA, n = 6 per time point
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59, 60, 66, 71]. Up to date, the mechanisms leading to sec-
ondary brain injury remained unclear. For the first time, we 
report an intracerebral immune cell accumulation following 
aneurysmal SAH in human brain specimens. To gain fur-
ther insight into the underlying pathogenetic mechanisms, 
we established an experimental SAH model in mice, in 
which we confirmed our principle novel finding, that an 
arterial bleeding into the subarachnoid space at the base of 
the brain induces a wave of immune cells within the cer-
ebral parenchyma. The major contributing immune cell was 
identified as resident microglia, the brain’s intrinsic innate 
immune cell. Following SAH, microglia produced a sig-
nificantly increased amount of pro-inflammatory cytokines 
such as IL-6 and TNFα. Neuro-axonal injury coincided 
with the accumulation of activated microglia, reaching its 
maximum extent between day 7 and 14 after the bleeding, 
both in murine and in human samples.

Given that depletion of microglia in vivo led to an atten-
uation of neuronal cell death, microglia appear not only to 
be secondarily attracted to the site of injury, but do indeed 
support and exacerbate the SAH-related brain damage. 

Thus, our results show that a spreading microglia-mediated 
inflammation within the brain tissue is a significant contrib-
utor to secondary brain injury after SAH.

Many concepts of brain injury after SAH have been 
described before. According to the timing and occurrence 
of damage, they have been assigned to an early and delayed 
brain injury. In the early phase of SAH, brain injury has 
been discussed to take place via apoptotic pathways, 
induced by the sudden rise of intracranial pressure and the 
subsequent impairment of the cerebral perfusion. Several 
downstream pathways of this concept have been described 
within the past years [16, 27, 29, 47, 56, 60, 61, 71, 73].

Concerning the proposed mechanisms of delayed brain 
injury, the most established one is a hemodynamic com-
promise due to cerebral vasospasm [51]. For decades, 
a large number of scientists have put tremendous effort 
in the prevention of cerebral vasospasm. When, finally, a 
solution seemed to be found in the endothelin system, the 
clinical CONSCIOUS trials failed to improve patient out-
come after SAH, despite the successful prevention of cer-
ebral vasospasm [42], indicating that cerebral vasospasm 
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Fig. 4   Determination of the origin of Iba-1-positive cells on day 14 
after experimental subarachnoid hemorrhage in mice. a Illustration 
of our chimeric mouse model for green fluorescent protein-labeled 
(GFP) peripheral leukocytes. Mice were lethally irradiated using a 
head-shielding device. Reconstitution was achieved by transplanta-
tion of GFP-positive bone marrow. Using this model, we were able 
to distinguish Iba-1-positive microglia within the brain parenchyma 
from monocytes, derived from the peripheral blood pool, and primary 
brain residential microglia. b Representative immunofluorescence 
staining at the brain base. The white interrupted line outlines the bor-

der between brain parenchyma and subarachnoid cistern. Inside the 
brain, an accumulation of Iba-1-positive cells (red) is seen. Even at 
higher magnification, only a few GFP-positive cells from the periph-
eral blood pool could be detected (green). Marginal amounts of dou-
ble-positive cells (yellow) could be seen. Nucleus staining was done 
with DAPI (blue). Scalebars = 100 µm. c Cell count of Iba-1-positive 
cells and of Iba-1 GFP-double-positive cells per high power field. 
Iba-1 GFP-double-positive cells could hardly be found ***p < 0.001. 
t test, n = 6
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is not the major contributor for delayed injury. Thus, other 
concepts have become more and more popular. For several 
years, the idea of cortical spreading depolarization has been 
revived [11, 19]. Spreading depolarization that migrates 
along the cerebral cortex is accompanied by decreased 

oxygen availability and linked to ischemic events, and is 
thus thought to subsidize CNS damage in the course of 
SAH.

Although systemic inflammatory reactions after SAH 
have been described earlier [18, 35], the concept of 
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inflammatory changes in the CNS after SAH is rather novel 
and has been mostly applied to the perivascular and suba-
rachnoid space [20, 53, 55], as well as to aneurysm wall 
weakening [13, 28]. Only very recently, the modulation of 
inflammatory processes was correlated with an impaired 
outcome after SAH [54, 62, 63]. By establishing a reli-
able mouse model of SAH, we could show an intracer-
ebral microglia accumulation, starting at the site of vessel 
puncture, as it is similarly detectable in human samples 
of patients dying in the course of SAH. The maximum 
extent of the spreading microglia was accompanied by a 
marked increase in mortality rate of our patient cohort lack-
ing vasospasm or cerebral infarctions 9–12  days after the 
bleeding. Thus, the phenomenon, which we would like to 
describe as spreading cerebral inflammation is not only 
an experimental phenomenon, but seems to be a clinically 
relevant contributor to secondary brain injury after SAH. 
Patients after SAH often show a delayed re-orientation 
phase, which has been widely explained by an initial rise 
in intracranial pressure and subsequent drop of the cerebral 
perfusion. A spreading cerebral inflammation might be 
another explanation for the compromised clinical state of 
patients after SAH, which often is not detectable by stand-
ard neuro-imaging methods.

Different subsets of macrophages have been described 
to contribute to inflammation in various CNS diseases. 
Beyond peripherally derived macrophages, perivascular, 
choroidal and meningeal macrophages have been described 
as independent entities, as reviewed by Bogie last year [10]. 
In our model of experimental SAH we do see perivascular 

and choroidal, as well as meningeal Iba1-positive cells. In 
general, these cells seem to be highly heterogeneous and 
only 50 % display microglia markers. Also their origin has 
only been clarified in EAE [10]. While in EAE, meningeal 
macrophages seem to be derived from the peripheral blood 
pool [44], after SAH, they did not display GFP-positivity, 
rather suggesting a non-peripheral origin. Nevertheless, 
stimulation or propagation of the intraparenchymal micro-
glia accumulation might occur through these extraparen-
chymal macrophage subsets in SAH, as it has been pro-
posed in EAE [5, 21].

The question why microglia should inflict addi-
tional damage to an already stressed brain remains to be 
answered. Not only being the major representative of the 
cerebral immune system, but also being sort of a care-
taker of the CNS, microglia have been shown to play an 
important role in homeostasis between synaptogenesis and 
developmental apoptosis. Yet, the mechanisms underly-
ing their beneficial versus detrimental dialectic have not 
been fully discovered. Several proteins (e.g., IL-6, TNF-α, 
BDNF, KARAP/DAP12) have been hypothesized to unbal-
ance microglial equilibrium to one or the other side [9]. 
Thus, activation-dependent change of microglial functions 
may also include insufficient production of trophic factors 
typically produced by microglia, possibly mimicking con-
ditions of a microglia-specific lack of brain-derived neu-
rotrophic factor (BDNF), which recently was shown to be 
key for important physiological brain functions in learning 
and memory by promoting learning-related synapse forma-
tion [49]. At the same time, as described for other CNS dis-
eases, prolonged and sustained activation of microglia may 
result in a negative-feedback loop ultimately resulting in an 
overshoot-type of microglial reaction similarly as described 
in animal models of Alzheimer’s disease, where prolonged 
innate immune activation including the sustained expres-
sion of pro-inflammatory cytokines such as interleukin 
(IL)-12 and IL-23 exacerbates pathology [8, 31, 45, 72]. 
Only recently, depletion of microglia in experimental SAH 
led to a beneficial effect on cerebral vasospasm and hip-
pocampal neuronal survival, supposing a rather detrimental 
effect of microglia in the setting of SAH [26].

Along this line it is of note that the gene expression 
profile in our isolated microglia upon SAH suggests a pro-
inflammatory state. Here, we focused on cytokines that are 
known for effects on immunomodulation and apoptotic 
pathways. When characterizing the inflammatory potential 
of the microglia, we found not only an increase in inflam-
matory cytokines, but also an up-regulation of correspond-
ing cytokine receptors indicative for a disposition to react 
to respective stimuli—possibly even in a paracrine–auto-
crine fashion, as we did not find other sources of Il-6- or 
Tnf-α-production apart from microglia. The percentage of 
microglia expressing Tnf-α was high (app. 30  %), while 

Fig. 5   Analysis of the isolated microglia from the murine brains 
after experimental SAH. a The percentage of CD11b+CD45+ cells of 
brain homogenates increased slightly throughout the time course of 
the bleeding until day 14 while on day 28 the amount was diminished 
(FACS). b Representative Dot Plot of a brain cell suspension 14 days 
after SAH. Low numbers of Iba-1 negative cells were detected indi-
cating almost no granulocytes within the analyzed CD11b+CD45+ 
cell fraction. Percentages of CD11b+CD45+Iba-1− cells at all time 
points were comparable to controls without SAH. c Relative expres-
sion values of the inflammatory cytokines in the isolated microglia 
followed a time course comparable to the cellular inflammation. In 
most of the cytokines, a marked increase (up to tenfold of baseline) 
could be documented, confirming a pro-inflammatory state of the 
accumulated microglia. d The respective cytokine receptors (except 
for Il-1r1) were up-regulated throughout the observational period. 
Statistical analysis not feasible (for details see “Materials and meth-
ods” section). e Although the percentage of Il-6+CD11b+ cells was 
low, a significant increase could be found towards day 14 after SAH 
**p < 0.01, ***p < 0.001. f Suggesting the microglia to be a source 
of Il-6-production, this finding could be supported by immunofluo-
rescence stainings, showing Iba-1+Il-6+ cells (yellow) in murine 
brain sections, scalebars =  100  µm. g The percentage of CD11b+ 
CD45+ TNF-α+ cells was found to be significantly increased with 
a time course comparable to the cellular inflammation, suggesting 
the microglia to be a source of TNF-α-production. In addition, the 
amount of TNF-α per cell was significantly up-regulated, defined by 
the mean fluorescence intensity (mfi) *p < 0.05, **p < 0.01. ANOVA

◂
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the percentage of microglia that expressed Il-6 was much 
lower. The roles of these two cytokines in inflammation 
and apoptosis seem to be variable. Both proteins can induce 

inflammatory and detrimental effects in brain cells [2, 3, 50, 
74]. Nevertheless, both have also been shown to improve 
neuronal survival under certain circumstances [33, 39, 65]. 
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In previous studies, we had found IL-6 to be up-regulated in 
the CSF as well as in brain tissue in humans after SAH with 
a significant correlation to the severity of the disease course 
[59]. Herein, we identify resident microglia as cellular source 
for this previously documented increase of IL-6. Since 
depletion of the microglia as the source of both cytokines 
led to an attenuation of neuronal cell death, it appears that in 
the course of SAH IL-6 and TNF-α, at least when expressed 
over time, may rather play a harmful role. While we cannot 
exclude that other cytokines and/or immune-relevant factors 
might also be crucially involved, it is also obvious that the 
when and where of IL-6 and TNF-α actions are crucial deter-
minants how they impact the disease course.

Many models of experimental SAH for different species 
have been described. The two most commonly used ones 
are the blood injection model and the endovascular per-
foration model [67]. In the injection model, a predefined 
amount of autologous blood is injected under constant 
pressure settings into the cerebello-pontine cistern via a 
burr hole craniotomy. The advantage in that model is that 
by variability of the blood amount and pressure, the sever-
ity of the hemorrhage can be controlled and varied. In the 
model of endovascular perforation used by us, the extent 
of the hemorrhage is not as high, leading to a low number 
of lethal events in the short-term post-operative phase. Yet, 
a craniotomy is known to induce inflammatory changes 
in the brain by the procedure itself [37]. Furthermore, the 
endovascular perforation technique provokes the hemor-
rhage at the site, where the SAH occurs in humans as well. 
Furthermore, the actual rupture of a vessel might also play 
a role in the patho-mechanisms [30]. For these reasons, the 
model of endovascular perforation—for our questions—
offered a closer correlation to SAH in humans.

In our experiments, the microglia activation started uni-
laterally, near the site of vessel puncture, before it spread 

throughout both hemispheres. An appropriate explanation for 
this phenomenon might also be a direct mechanism—e.g., 
mediated chemically through hemoglobin metabolites or 
physically through pressure changes—which inflicts the intra-
parenchymal microglia accumulation. Another possible expla-
nation for asymmetric microglia accumulation after SAH has 
been discussed by Czosnyka and co-workers, who argue for 
an asymmetry of blood flow auto-regulation after SAH [12].

Interestingly, in the long-term clinical course after SAH, 
patients often show some degree of neuro-psychological 
deficits, subtle mental impairment [7], or even global brain 
atrophy, as well as distinct hippocampal volume loss [6, 
7]. While these findings might be explained by our results 
demonstrating neuronal loss in the course of SAH, further 
studies are required to dissect the molecular underpinnings 
of this phenomenon including the analysis if and to what 
extent compensatory mechanisms counteracting this neuro-
degenerative phenomenon may take place.

In conclusion, our data demonstrate that intraparen-
chymal activation of accumulated resident microglia fol-
lows SAH in humans and in mice, which is characterized 
by a pro-inflammatory cytokine profile. Accumulation of 
resident microglia was found to be accountable for neu-
ronal cell death, delineating a new mechanism of delayed 
brain injury after SAH and offering novel approaches and 
interventional strategies to treat long-term effects of SAH. 
In summary our results consolidate the theory of neuro-
inflammation after SAH.
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