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Inflammatory Events Following Subarachnoid Hemorrhage (SAH)
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Abstract: Acute SAH from a ruptured intracranial aneurysm contributes for 30% of all hemor-
rhagic strokes. The bleeding itself occurs in the subarachnoid space. Nevertheless, injury to the
brain parenchyma occurs as a consequence of the bleeding, directly, via several well-defined
mechanisms and pathways, but also indirectly, or secondarily. This secondary brain injury follow-
ing SAH has a variety of causes and possible mechanisms. Amongst others, inflammatory events
have been shown to occur in parallel to, contribute to, or even to initiate programmed cell death
(PCD) within the central nervous system (CNS) in human and animal studies alike.
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clinicians, as they often provide possibilities for translational approaches as well as distinct time

Dbor windows for tailored treatment options.
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In this article, we review secondary brain injury due to inflammatory changes, that occur on
cellular, as well as on molecular level in the various different compartments of the CNS: the brain
vessels, the subarachnoid space, and the brain parenchyma itself and hypothesize about possible
signaling mechanisms between these compartments.
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1. INTRODUCTION

Brain injury following SAH is multimodal and occurs
directly, as early brain injury, but also secondarily, as de-
layed brain injury. While early brain injury has been well
described and occurs via a cascade of elevated intracranial
pressure and a subsequent drop of the cerebral perfusion in
the very instant of the bleeding, delayed brain injury has
various causes that give rise to many different research tar-
gets as well as treatment options-especially due to possible
time windows of various duration. Possible contributors to
secondary brain injury are-beyond others-cerebral vaso-
spasm, cortical spreading depolarization, compromised
autoregulation, an opening of the blood brain barrier or in-
flammatory events, all of which can result in neuronal injury.
The first reports of inflammation following SAH were pub-
lished in the early nineties and focused very much on the
possible relationships between cerebral vasospasm and in-
flammatory changes within the CSF, as at this time cerebral
vasospasm was believed to be the main-if not the only-
contributor to secondary brain injury following SAH [1-4].
The first reports on systemic inflammation were published
towards the end of the nineties and early 2000s and summa-
rized a peripheral immune modulation following SAH [5, 6].

* Address correspondence to this author at the Dept. Neurosurgery, Charité-
Universitdtsmedizin Berlin, Campus Benjamin Franklin, Hindenburgdamm
30, 12200 Berlin, Germany; Tel: +49 (0)30 450 560 773; Fax: +49 (0)30
8445 4184; E-mail: ulf.schneider@charite.de

1570-159X/18 $58.00+.00

Nevertheless, in those times-with cerebral vasospasm being
believed to be the only-or at least biggest-contributor to sec-
ondary brain injury following SAH, inflammation was solely
accounted to occur with, or aggravate cerebral vasospasm,
instead of being understood as a distinct pathomechanism. It
has also been around this time, when endothelin-A was first
described to influence cerebral vasospasm in the time course
of SAH [7, 8]. This finding led to a series of the biggest ran-
domized controlled trials targeting cerebral vasospasm using
the selective endothelin-A receptor antagonist clazosentan,
the CONSCIOUS trials [9-13]. When the analysis of the out-
come data in the randomized studies did not show a benefit
for the patients concerning outcome, despite a significant
reduction of cerebral vasospasm and consecutive infarctions,
new ideas came into focus, seeking to unchain the — up to
that time-very tight association of cerebral vasospasm and
unfavorable outcome.

Uncoupling of secondary brain injury and cerebral vaso-
spasm, thanks to several position papers, has only begun a
few years ago and is an ongoing process, which is still con-
troversially discussed [14-17].

Yet, thanks to the ongoing discussion, concepts like
membrane pathology, cortical spreading depolarization or
extracellular matrix homeostasis have since been followed
[15, 18-24].

Inflammatory cell invasion or activation has been de-
scribed in various other pathologies of the CNS and seems to
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have bidirectional effects, depending on timing, cytokine
profile or the surrounding niche, in which they reside [25-
33]. Integrating the detrimental and the protective effects of
inflammation according to the various settings, tremendous
progress has been made concerning the differentiation of the
inflammatory cells involved in immune response within the
CNS. Peripheral monocytes that invade the brain as macro-
phages with or without obvious opening of the blood brain
barrier, or lymphocytes, the major enforcers of innate and
adapted immunity, are the most commonly found inflamma-
tory cells, especially in ischemic stroke, mostly but not ex-
clusively initiating neuro-protective functions in that disease
(recently reviewed by Anrather et al. [31]). Besides periph-
eral macrophages, secondarily invaded into the CNS, the
brain’s innate immune cell, the microglia has been inten-
sively studied, especially in neuro-inflammatory and neuro-
degenerative diseases like EAE or Alzheimer’s [26, 27, 34,
35]. Microglia are of myeloid origin and develop from extra-
embryonic yolk sac cells during ontogenesis only, while all
other glia are of neuroectodermal origin [36]. A third type of
immune cell within the CNS has recently been reported-the
leptomeningeal/perivascular macrophage. Although small in
absolute numbers, it seems to have a distinct singularity be-
yond the others [37, 38]. Whenever studying cellular in-
flammation, it is thus of utmost importance to differentiate
between these cells [36]. Being already large in variety, the
myeloid cells of the CNS are not the only contributors to the
brain’s immune privileged site [39]. Comprehension of the
different anatomical and functional spaces within different
parts of the CNS, as well as knowledge barriers/borders can
be crossed by elements which are crucial and are well-
described by Engelhardt and co-workers [39-42].

2. INFLAMMATION IN THE SUBARACHNOID
SPACE - OUTSIDE-IN OR INSIDE-OUT?

The inflammatory events in the subarachnoid space can
be divided into 1) cellular inflammation and 2) molecular
inflammation. The cellular components enter the subarach-
noid space from within the blood vessels, but both (cellular
and molecular factors) act on the vascular walls, leading to
the question whether inflammation in the CSF is an outside-
in or an inside-out reaction.

The subarachnoid space, along with the peripheral blood,
has been the first compartment in which inflammatory
changes have been described after SAH. Being the first
compartment involved in the bleeding, analysis of the CSF in
patients after SAH has always been the obvious thing to do.
Studies by multiple groups, inflammatory cells, inflamma-
tion associated cytokines as well as their corresponding re-
ceptors have been found to be upregulated in the CSF of
patients suffering from SAH.

2.1. Cellular Components of Inflammation

Cells of the adaptive immune system (T-Cells and B-
Cells) have only rarely been found to be up-regulated in the
CSF after SAH [3, 43]. The cells of the innate immune sys-
tem have in contrast been found in high numbers and highly
activated states within post-hemorrhagic CSF. Neutrophils
even more than NK cells and monocytes/macrophages con-
tribute to an inflammatory niche within the CSF. A higher
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number of neutrophils as well as their enzymes myeloper-
oxidase and NADPH oxidase have been documented in pa-
tients suffering from vasospasm [43, 44]. Their depletion by
a monoclonal antibody against Ly6G/C led to amelioration
of vasospasm [45]. The cells of innate immunity are obvi-
ously not just passively spilled into the CSF, but extravasate
actively from within the blood vessels, generating inflamma-
tion in the subarachnoid space in an inside-out fashion.
Blockage of the CD11b/CD18 complex led to significantly
lower numbers of inflammatory cells and ameliorated vaso-
spasm [46, 47].

2.2. Molecular Components of Inflammation/Influence
on Vasoconstriction

Molecular agents of inflammation have first been re-
ported to be up-regulated within post-hemorrhagic CSF in
the early nineties. IL-6, IL-1R antagonist and TNF-o. were
shown to have a correlation with poor clinical outcome [1-3].
A few years later, Fassbender et al. confirmed these findings
and correlated them with cerebral vasospasm and poor out-
come, respectively [8]. Within the following years, IL-6 has
been further defined as a contributor to brain injury and/or
cerebral vasospasm by our group and others, being correlated
with poor clinical outcome, and proceeding in clinical diag-
nostics by implementation of bed-side testing methods [48,
49]. Elevated intracranial pressure was identified as cause of
elevated IL-6 levels [50]. Within these times, a huge variety
of other molecular agents has been identified to contribute to
inflammation within post-hemorrhagic CSF, and thus within
the subarachnoid space.

Directly surrounded and superfused by the pro-
inflammatory CSF lies the cerebral blood vessels at the brain
surface. A connection of inflammation and vasoconstriction
has therefore always been highly likely. Due to the over-
whelming focus on vasospasm research in the past, many
studies have focused on functional effects of inflammation
on cerebral blood flow or vascular kinetics (e.g. vasocon-
striction) [43, 51-55]. Still following in the theory that cere-
bral vasospasm is one of the strongest contributors to secon-
dary brain injury after SAH [56], many groups have concen-
trated on the fact that vasoconstriction can be initiated or
aggravated by inflammatory cascades an outside effect. The
multiple factors that have since been identified to initiate or
aggravate cerebral vasoconstriction after SAH comprise in-
terleukins (IL-6, IL-1c. and IL-1B, IL-8), TNF-a, LFA-I,
leukotrienes, arachidonic acid, vWF, matrix metalloproteases
(MMP-9) or VEGF [1, 2, 8, 43, 49, 57-61]. All of these fac-
tors, acting as outside-in contributors to cerebral vasospasm,
show how multi-factorial genesis is, and also point out how
desperate its pharmacotherapy is.

In owr studies using bio-assays, we showed an increased
reagibility of microvessels to posthemorrhagic CSF, as well
as an increased leukocyte-endothelial interaction in the dor-
sal skinfold chamber in mice, confirming the previous find-
ings of an association of vasospasm with posthemorrhagic
CSF, and adding the information, that an intravascular in-
flammation is elicited by superfusion of microvessels with
CSF from SAH patients. Furthermore, we showed an in-
creased monocyte transmigration through an artificial endo-
thelial cell layer, indicating an inflammatory stimulus, that
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induces inflammatory cell extravasation, creating or sustain-
ing an inflammatory milieu within this compartment [62].

Modulation of inflammation within the CSF by admini-
stration of pro-inflammatory agents following SAH in ex-
perimental models led to a worsening of the clinical course,
sustaining the previous experiments in a positive feedback
fashion [63, 64]. Inflammatory cells are also involved in
blood clearance from the subarachnoid space after SAH. In a
recent study, Schallner and collaborators showed a micro-
glia-dependent blood clearance, accelerated by higher levels
of hemoxygenase-1 as well as carbon monoxide, offering a
clinically applicable treatment method [65].

Although inflammation within the CSF seems to start
with a passive spilling of blood components into the suba-
rachnoid space on one hand, it does obviously have an active
component. Inflammatory cells extravasate from within the
blood vessels in an inside-out fashion. Typical pro-
inflammatory cytokines have been identified as contributors
to secondary brain injury within the CSF, the origin of
which, but also their mechanisms of action (many also via
the induction or aggravation of cerebral vasospasm) will
further have to be addressed. All of the pro-inflammatory
factors within the CSF seem to act via an outside-in mecha-
nism directly on the blood vessels, leading to vasoconstric-
tion on one hand but also eliciting intravascular inflamma-
tion on the other hand.

3. INFLAMMATION IN THE CEREBRAL MICRO-
VESSELS AND THE VASCULAR WALL-INFLUENCE
ON THE BBB

Therefore, the compartment of the cerebral vasculature as
a focus of inflammation is the next logical step in a disease
that has its primary cause in the rupture of a blood vessel,
which depends on the weakening of the vessel wall and de-
ploys its detrimental effects across the blood brain barrier.
All the mechanisms of inflammation described previously
derived from blood components being passively spilled into
the CSF, or actively invading the perivascular space from
within the — otherwise tightly closed — blood brain barrier.

Therefore, three questions arise concerning intravascular
inflammation: 1) Characterization of the intravascular in-
flammation (cell type, time line, molecular mechanisms), 2)
How is the blood brain barrier affected and 3) Do we see an
intravascular couterpart to the extravascular cytokines acting
on cerebral vasoconstriction?

3.1. Cellular and Molecular Mechanisms of Intravascular
Inflammation

The characteristics of intravascular inflammation in SAH
have been elucidated by our group. We have shown an in-
crease of neutrophil recruitment to the endothelium as a reac-
tion to superfusion of microvessels in the dorsal skinfold
chamber with posthemorrhagic CSF in mice within the first
few days after bleeding onset [62]. This intravascular in-
flammation has been further followed in vivo using intravital
multi-fluorescence video microscopy through a chronic cra-
nial window in mice suffering eSAH. Neutrophil endothelial
interaction was shown to be dependent on ICAM-1 (on the
endothelial side) and PSGL-1 (on the neutrophils) and was
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significantly upregulated within days 1-7 after the bleeding,
while other basic hemodynamic parameters remained un-
changed. Further, in the course of the disease, a significant
general decline in neuronal cell number (not focal cell death)
was found within brain samples of these mice as a sign of
secondary brain injury. In this context we showed that the
knockout of the two mentioned cell adhesion molecules led
to a significant decrease of neuronal injury, giving proof that
intravascular cellular inflammation contributes to delayed
brain injury [66].

Other groups have unveiled additional inflammatory sig-
naling within cerebral blood vessels following SAH. An en-
hanced expression of pro-inflammatory mediators (IL-1, IL-
6 and MMP-9) has been documented as a result of increased
activation of the MEK-ERK1/2 pathway in cerebral blood
vessels isolated from rats [53]. On the surface of trafficking
leukocytes, Toll-like receptor-4 (TLR-4), TLR-associated
activator of interferon (TRIF) and the myeloid differentiation
primary response gene (MyD88) (via NFkB and IRAK4
pathway) have been described to be important mediators for
neuronal apoptosis and cerebral vasospasm, respectively
[67]. Similar to our own experiments, Xu and colleagues
reported neuroprotection through decreased neutrophil traf-
ficking shortly after the bleeding by blocking vascular adhe-
sion protein-1, another intravascular cell adhesion protein
[55]. In a follow-up article on the topic, the same group
found a decrease in cerebral vasospasm by attenuating leu-
kocyte-endothelial interaction through blocking VAP-1 [54].

Taken together, we have evidenced intravascular media-
tors of inflammation on the endothelial as well as on leuko-
cyte surface that comes into action within the first few days
after the onset of bleeding, and that contribute to neuronal
injury, decrease neurological outcome and increase the prob-
ability and/or severity of cerebral vasospasm, respectively.
The latter thus being initiated, facilitated and/or aggravated
via both, inside and outside (of the vascular wall) mecha-
nisms.

3.2. Influence of Inflammation on the Blood-Brain Barrier

The molecular mechanisms of the blood brain barrier and
how they might be compromised through SAH are of utmost
importance. A tightly closed BBB contributes for the brain’s
immune privilege. Thus, BBB dysfunction gives rise to in-
flammation in all described compartments of the CNS. Fur-
thermore, the reverse conclusion also holds true: inflamma-
tion can lead to a BBB dysfunction and/ or breakdown.

An opening of the BBB through a loss of tightness in the
endothelial lining is not only observed in SAH, but also in
ischemic stroke, traumatic brain injury or brain tumors, and
is always associated with a breakdown of tissue homeostasis
(resulting in edema as an additional stress factor for an al-
ready injured brain) and the accumulation of potentially
harmful substances. BBB dysfunction has early been linked
to inflammation, as nicely reviewed by Abbott. Among oth-
ers, IL-1, TNF-a, bradykinin and arachidonic acid, have
been identified to destabilize the BBB significantly [68].
Alves and collaborators have gained further insight into the
dependent downstream mechanisms, which are a significant
loss of occludin, zonula occludens-1 and tight junction redis-
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tribution. Although shown in models of traumatic brain in-
jury, rather than SAH, we can deduct that these mechanisms
also play a role in this pathology [69]. In in vitro experi-
ments with cultured cerebral microvascular endothelial cells,
the pro-inflammatory cytokines IL-1, IL-6, IL-8 and TNF-a
led to a breakdown of the endothelial lining, the latter of
which through caspase-3-dependent pathways [59]. In an-
other study, protecting effects of N-acetylcysteine, glucocor-
tikoids and interferons were documented in similar artificial
endothelial cultures. The immunomodulatory properties of
these agents provide additional evidence on inflammation-
mediated impairment of the BBB. Going further into the
molecular details, adherens junction and tight junction
transmembrane proteins (VE-cadherin, occluding, claudins)
seem to be the most important factors in maintaining inter-
cell stability in the physiological state, as well as under
pathological conditions [70-72]. The cellular components of
the BBB are pericytes, astrocytes, endothelial cells and chor-
oid plexus epithelial cells, the distinct roles of which as well
as their interaction and transmigration or transport through
their closed layer have been well reviewed [41, 42]. During
SAH, the upregulation of inflammatory cytokines, especially
IL-6, leads to a destabilization of the BBB by a decrease in
occluding, claudin-5 and VE-cadherin (own unpublished
data, under revision). The source of IL-6 is microglia and
possibly also endothelial cells [66, 73]. Other possible
mechanisms of BBB destabilization after SAH are hypoxia-
inducible factor-1o, aquaporin-4 and MMP-9, all of which
were up-regulated in rat brains following SAH. Administra-
tion of the respective inhibitors, led to significant reduction
of SAH-induced brain swelling [74]. Also hemoxygenase-1,
a breakdown product of hemoglobin, induced BBB-
breakdown-mediated cell death within the CNS in another
animal model [75]. Furthermore, experimental treatment
options have recently been discussed. Minocycline-treatment
in rats suffering from SAH led to a stabilization of the BBB
by inhibition of NLRP3 inflammasome activation and to an
amelioration of neurological symptoms [76, 77]. A clinical
study has meanwhile been initiated (ongoing, University of
Buffalo, Siddiqui, AH).

Taken together, these results show severe impairment in
BBB tightness as a reaction to a huge variety of inflamma-
tory mediators, that accumulate in the early time-course of
SAH. The main molecular mechanisms affected by inflam-
mation, leading to a disruption of the BBB are tight junction
and adherens junction transmembrane proteins-occluding,
claudins and VE catherin. Impairment of the BBB leads to 1)
alteration of fluid homeostasis within the brain, causing
edema and facilitating secondary brain injury and 2) com-
promise of the immune privilege of the CNS, giving rise to
further intraparenchymal inflammation and cell death, re-
spectively [66, 73].

4. INFLAMMATION WITHIN THE BRAIN TISSUE

Secondary brain injury following SAH has long since
been described. Several mechanisms are supposed to con-
tribute to neuronal injury, among them brain edema (as a
consequence of BBB impairment), cerebral vasospasm (with
consecutive infarctions), autoregulation changes (with con-
secutive hypo- or hyperperfusion), spreading depolarization,
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or the direct action of toxic noxae (e.g. hemoglobin end
products, increased oxidative stress, efc.). All of these can
act, be activated or be aggravated by inflammatory path-
ways, as summarized above.

The next question is, whether inflammation itself can
elicit neuronal injury. Inflammation within the cerebral pa-
renchyma proper, has only very recently been described.
Compared to the knowledge on inflammatory processes
within the other two compartments (subarachnoid space and
vascular lumen), the inflammation within the brain tissue is
the least understood and still holds most of the questions. It
is important to 1) characterize the location and time-line of
inflammation inside the brain parenchyma, 2) clearly define
the underlying cellular mechanisms and gain insight into the
molecular pathways, and 3) define and quantify the extent of
brain injury attributable to inflammation.

4.1. Cerebral Spreading Inflammation/Microglia Accu-
mulation

In a study by Hanafy and colleagues several molecular
mechanism pathways (TLR-4, MyD88 and TRIF) have been
described to contribute to neuronal cell death. They also
found these pathways dependent on cultured Iba-1-positive
cells, assuming these to be microglia and proposing immu-
notherapies like TLR-targeting as potential new therapies in
SAH treatment [67]. These data inspired our group to char-
acterizing the cellular immune response within the CNS
more closely. In autopsies of human brains, we also found
KiM1P-positive cells (potentially microglia) in a close spa-
tial relationship to the site of aneurysm rupture. In experi-
mental studies in mice, we showed a wave of Iba-1-positive
cells spreading within the brain tissue between days 4 and 28
after experimental SAH. The wave of immune cells was
chronologically correlated to neuronal cell death. We ruled
out peripheral leukocyte recruitment by chimeric experi-
ments, defining microglia to be the only underlying cell type
of this newly described cerebral spreading inflammation.
Furthermore, we unveiled the mechanism of microglia cells
themselves inflicting neuronal cell death, instead of protect-
ing the already stressed brain against further harm [73]. Our
findings were in line with results by Greenhalgh and col-
leagues, who had also found microglia to accumulate near
the site of vessel rupture during the first few weeks after
SAH [75]. Why microglia act against the organ they are sup-
posed to defend remains unclear. In microglia isolated from
brains after SAH, we measured an increased level of all the
aforementioned pro-inflammatory cytokines (IL-1, IL-6 and
TNF-a), but also of their receptors, hinting on potential
pathways of autocrine stimulation [73].

4.2. Experimental Neuro-behavioural Testing

Besides structural changes of the brain tissue (e.g. neu-
ronal cell death, disintegration of inter-cell connections or
opening of the BBB), functional read-out parameters have to
show a worsening of the clinical outcome, either clinically in
patients or experimentally in animals, to determine, whether
structural changes do indeed result in a clinically relevant
problem. Rodent models are the most commonly used ani-
mal models for SAH research. While in rats, extensive neu-
rological and mental testing has been established and serves
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as a good read-out parameter for clinical testing [78, 79]; this
has not yet been the case for mouse models. Our group has
performed extensive neurological and neuro-behavioural
testing in mice suffering from SAH (data not published), that
did not reveal any measurable changes between the groups.
Neither have other groups succeeded in reporting useful
neuro-behavioural testing in this field. Multimodal MRI-
imaging can provide additional surrogate parameters for the
clinical course, but cannot replace neurological testing [80].
One hypothesis causing this dilemma might be smaller suba-
rachnoid spaces in mice, resulting in lesser blood volumes in
single perforation-models. Using a double-hemorrhage
model, most of the animals die, while the rest are severely
disabled, also hinting at a more narrow- threshold of bleed-
ing that is survivable by the much smaller animal.

Summarized, intraparenchymal inflammation following
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eases mentioned earlier. The pathology in those lies within
the brain tissue itself, while in SAH, the bleeding occurs
mostly outside the brain parenchyma. Although being medi-
ated into the brain, inflammatory pathways and mechanisms
leading to neuronal injury might therefore differ substan-
tially.

5. INTEGRATION OF THE CURRENT DATA AND
UNDERSTANDING OF THE INFLAMMATORY
CASCADE

Our current understanding of the inflammatory processes
following SAH within the subarachnoid space, the cerebral
vessels and the brain parenchyma are a subsequent activa-
tion, that originates extraparenchymally by passive spilling,
but much more by active transmigration of immune cells into
the subarachnoid space, where they accumulate and produce

pro-inflammatory mediators within the first few days after
SAH. In an outside-in fashion these cells and cytokines exert
unfavorable effects on 1) vascular structures, resulting in
vasoconstriction and 2) the BBB, causing leakage and con-
secutive disturbance of the tissue homeostasis, as well as
destabilizing the brains’s immune privilege.

SAH is characterized by a wave of microglia, that inflicts
neuronal injury via typical pro-inflammatory cytokines. Me-
ticulous understanding of beneficial and detrimental effects
of microglia under certain pathological conditions is crucial
to further advance our knowledge on this very special kind
of cell within the brain [26, 27, 32, 36, 81-84]. Yet, despite
highly ranked publications in the field, we must not forget a
significant difference between SAH and all of the other dis-

At the same time, an intravascular inflammation (neutro-
phil recruitment to the vessel wall via several cell-adhesion
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Fig. (1). Illustration of our current understanding of inflammatory processes within the different compartments of the CNS. A: Rupture of an
intracranial aneurysm within the subarachnoid space causes spilling of blood between the arachnoid mater and the pia mater — outside of the
brain parenchyma. B: Within the cerebral microvessels, an increased gathering of neutrophil granulocytes at the endothelial surface is seen as
a sign of intravascular inflammation, within the first 1-4 days after the bleeding. An extravasation (possibly into the subarachnoid space) has
been reported, but transmigration into the brain parenchyma could be excluded. Around day 4 after the bleeding, an accumulation of micro-
glia starts near the site of vessel rupture-i.e. near the large conductance vessels at the brain base. Knocking out of Neutrophil endothelial
interaction inhibits microglia accumulation within the brain tissue. C: Signaling from the subarachnoid space into the brain parenchyma must
therefore occur within the time window of vascular inflammation through the pia and the glia limitans. Profound understanding of the ana-
tomical and molecular mechanisms of the blood brain barrier is therefore essential to understand this outside-in activation of innate immu-
nity, that successively inflicts secondary brain injury. It remains unclear whether this signaling involves a cellular component (e.g. arachnoid
lymphocytes) or occurs in a strictly non-cellular fashion. D: The inflammatory cascade continues through activation of innate immunity
within the brain parenchyma. Microglia, the brain’s innate immune cells accumulate and are activated beginning from day four after the
bleeding. Throughout the time interval of maximum accumulation (between days 9 and 14), microglia are also activated, expressing a variety
of pro-inflammatory cytokines. Changing to their activated morphology, they gather around neurons, inflicting neuro-axonal injury, decimat-
ing the absolute number of surviving neurons significantly, hereby contributing substantially to secondary brain injury after SAH.
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Fig. (2). Schematic time-line and interactions of the inflammatory cascade within the different compartments of the CNS. Upper left (yel-
low): Within the CSF, accumulation of innate immune cells (mostly neutrophils) and pro-inflammatory factors is seen within the first few
days after onset of the bleeding. The number of cells and burden of molecular inflammatory mediators stays high, even weeks after the
bleeding. Inflammatory factors within the CSF contribute to cerebral vasoconstriction in an outside-in fashion, making cerebral vasospam a
multi-factorial inflammation-co-triggered event. Inflammation of the subarachnoid space also acts on the cerebral microvessels, in which we
see an intravascular neutrophil-endotheilal recruitment, mediated via different cell-adhesion molecules (lower left, red). Messaging pathways
and transmigration of innate immune cells via the blood brain barrier are not completely uncovered, but to date it is clear, that occluding,
claudins and VE-catherin play important roles in selective transmigration processes. Upper right, green: Being significantly influenced from
the outside, cerebral vasospasm is also regulated from within the vessel lumen by substances secreted by activated endothelial cells like en-
dogenous nitric oxide synthase or endothelin. If activation of the endothelium occurs via an outside-in stimulus or signal to the abluminal
side of the vessel remains to be discovered. Lower right, blue: Neutrophil recruitment to the vascular wall initiates a wave of microglia
within the brain tissue (cerebral spreading inflammation), that inflicts neuronal cell death. Microglia accumulation climaxes around day 14
and resolves after day 28. Correspondingly, neuronal injury occurs until day 14, with the number of remaining neurons staying on a constant
level thereafter.

molecules) is established inside the brain vessel. While these Our current understanding of the inflammatory cascade
leukocytes do transmigrate into the subarachnoid space, they following SAH in the different compartments of the CNS is
do not infiltrate the brain tissue. illustrated in Figs. (1 and 2).

Within the brain tissue, a wave of microglia activation 6. FURTHER TARGETS AND CONCEPTS
runs through the brain starting at day 4 after the bleeding,

thus, succeeding the subarachnoid and intravascular inflam- Until now, it remains unclear which mechanism(s) initi-
mation. This cerebral spreading inflammation causes neu- ate inflammation inside the blood vessels, or within the suba-
ronal cell death by production of pro-inflammatory cytokines rachnoid space. It further remains unclear, how intravascular
(IL-1, IL-6, TNF-o). neutrophil activation and recruitment to the endothelium
. . . . . transmits inflammation via the blood brain barrier into the

The inflammatory milieu Wlthm the.CSF is maintained brain parenchyma. The possible mechanisms need further
for several days after the bleedmg apd might wel.l b.e the first research. Speculations on the initial processes of inflamma-
compartment affecte(.l by 1nﬂamma.t10n. Mechamst.lcally, we tion within the vasculature comprise mechanistic distur-
have. proven that 1ntraV.ascular 1pﬂammat19n 1S a pre- bances of the blood brain barrier, the tight junctions of the
requisite for intracerebral inflammation, showing an outside- basal lamina or changes in shear stress or other blood flow

in activation. Whether inflammation within the CSF acti-

. . . . . macro- or microhemodynamics.
vates intravascular inflammation or vice versa, or if both

occur in parallel and have common initiators is not fully un- Besides initiation of inflammation, the resolution of in-
derstood. Clearly, typical pro-inflammatory cytokines play flammatory sequelae requires additional attention. An ame-
crucial roles in various pathways like vasoconstriction, disin- lioration of secondary brain injury through acceleration of

tegration of the BBB or direct neuronal injury. the resolution process is imaginable. Until now, neither time
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interval nor spatial dissolution have been investigated. It is
unclear if the resolution process occurs organized (additional
mechanism) or just passively (abatement of initiating proc-
ess), or what the mediators are. Where do the redundant mi-
croglia go? How long is an activation status maintained? Do
long-term changes within the blood brain barrier reside? In
some of these questions, research on ischemic stroke or
neuro-degenerative diseases might give some clues, yet, the
unique features of SAH have to be respected.

Transmission of inflammatory processes into the brain
parenchyma from an extracerebral compartment (subarach-
noid space or intravascular) is not mediated by inflammatory
cells trafficking into the brain. By experiments in transgenic
chimeric mice, we excluded peripheral cell invasion into the
brain following subarachnoid hemorrhage [73]. This is in
contrary to results after ischemic stroke, and may be ex-
plained by the fact, that while ischemic stroke leads to a di-
rect damage of the brain parenchyma including a complete
breakdown of the blood brain barrier, SAH does not. There-
fore, to further understand the underlying mechanisms, it
might be necessary to look beyond the “usual suspects” of
inflammation. Cytokines (interleukines, tumor necrosis fac-
tor, etc.), fractalkine receptor, VEGF-receptor, or matrix
metalloproteinases all have a known and recognized contri-
bution to inflammatory processes. Nevertheless, relying on
just those nearby targets will most probably not lead to “the
next big idea”. Regarding the immune privilege of the brain,
the lymphatic vessels of the meninges have very recently
been discussed as a promising new line of thought by Engel-
hardt and collaborators [39]. Proposedly, their further analy-
sis will require highly sophisticated intravital imaging meth-
ods in combination with genetically modified organisms,
harboring conditional knock-in and knock-out possibilities.

Ischemic preconditioning has been en vogue during the
last years, e.g. in tumor treatment, transplantation-, or (car-
dio-) vascular surgery [17, 31, 85-98]. The goal is to pre-
sensitize the organ at risk to the impending situation, using a
(remote) stimulus of the same kind, but of significantly less
intensity. Inflammatory preconditioning has only scarcely
been investigated in stroke or SAH, and has led to controver-
sial results [31, 64, 99, 100].

Characterizing subtypes or activation states of microglia
will help to explain how neuronal injury is inflicted by in-
flammatory cell accumulation [84]. Recently, a new devel-
opment in microglia subtype characterization has been de-
scribed. Applying electron microscopy, “dark microglia”
have been detected and found associated with pathological
states [101]. Although this term might sound a little fancy, at
the moment it seems worthwhile to continue studies on that
phenomenon-possibly through microglia isolation from
compromised and inflamed brains to further analyze them in
vitro (e.g. by FACS or in culture assays).

A methodological problem still seems to be the detection
of subtle neuro-psychological impairments in mouse experi-
ments. While neurological testing has been well established
in rats, detecting all kinds of neurological as well as cogni-
tive deficits following subarachnoid hemorrhage-possibly
easier to detect due to a more severe bleeding than in mice-
there have been many reports of neuro-psychological testing
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in mice after SAH, in which the gold-standard of testing
could not yet be established [78, 79, 102, 103], including
own unpublished data, in which we only detected minimal
deficits in our animal population after extensive testing. In
addition to neurological and neuro-psychological testing,
cerebral imaging can act as supportive read-out parameter
[80], but a reliable clinical assessment would be of major
interest.

In the clinical setting of patient care, further application
of immuno-modulating drugs in controlled trials might be
helpful to test the various concepts in translational ap-
proaches. However, additional clinical diagnostic research
still might yield helpful information — for example by intrac-
erebral probes like microdialysis, intraoperative functional
imaging like laser speckle or NIRS, or even by histological
analyses in post mortem species.

CONCLUSION

Inflammatory processes of many kinds occur in various
compartments of the CNS and contribute to secondary brain
injury in the course of SAH. A lot is already known about
the typical contributors to inflammation in general-mostly
adapted from immunological research in other pathologies or
conditions (e.g. EAE, ischemia, neuro-degenerative dis-
eases). Yet, the “next big thing”-idea still seems to be miss-
ing. SAH holds a unique position among many other CNS
pathologies, due to its origin outside the brain parenchyma
and a bleeding that does not directly destroy brain tissue.
This feature must not be ignored and might lead to substan-
tially different results or reactions — especially in initiation,
transmission and resolution of inflammation. Therefore, fur-
ther research in the field must include established concepts
and understanding of immunological principles, but also has
to integrate SAH-specific characteristics.
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