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1         Introduction 

 Mast cells (MCs) are bone marrow derived, tissue-homing mononuclear white blood 
cells (leukocytes) that undergo differentiation upon entry into target organs. 
Committed bone marrow mast cell progenitors are released into the circulation from 
where they subsequently migrate into peripheral tissues, undergo maturation, and 
become terminally differentiated by the infl uence of cytokines within the surround-
ing milieu [ 1 ]. The progression of these cells to fully mature MCs is dependent on 
KIT activation which occurs as a consequence of stem cell factor (SCF)-induced KIT 
dimerization and autophosphorylation [ 1 ]. Central to this process is stem cell factor 
(SCF), the ligand for the c-kit tyrosine kinase receptor expressed on the surface of 
mast cells. KIT activation signifi cantly regulates many aspects of MC differentiation, 
proliferation, activation, and survival [ 1 ,  2 ]. Mutant mice lacking either c-kit or SCF 
are MC defi cient. MCs characteristically express a high-affi nity receptor (FcεRI) for 
the Fc region of IgE, the least-abundant member of the antibodies. This receptor is of 
high affi nity so that binding of IgE molecules is in essence irreversible. 

 MCs reside within or in the proximity to tissues that form a barrier to diverse 
noxious environmental challenges, i.e., in epithelium, mucosa, and the perivascular 
space. They are most commonly regarded as key effectors in the pathogenesis of 
allergic diseases and anaphylaxis [ 2 ]. However, the meticulous study of MC biology 
has established that they can generate or release various cytokines such as TNFα, 
potent proteases such as chymase and tryptase, vasoactive substances such as hista-
mine and eicosanoids, and regulators of hemostasis such as heparin and tPA [ 3 ]. 
They also produce and release numerous interstitial matrix-degrading enzymes such 
as matrix metalloproteases (e.g., MMP-9). This armamentarium of mediators equips 
MCs to take part in a wide array of biological processes. This chapter describes 
recent evidence strongly supporting a role for MCs in the pathophysiology of cere-
bral ischemia.  

2     Mast Cells in Health and Disease 

 MCs have gained a notorious reputation as mediators of anaphylaxis and allergic, 
atopic disorders. The spectrum of mast cell mediators, however, indicate a key role 
in diverse pathophysiological processes, such as chronic infl ammatory processes, 
wound healing, angiogenesis, fi brosis, and tumors. Recent research has also demon-
strated an important role in cardiac diseases, cardiac failure, cardiomyopathy, coro-
nary syndromes, and atherosclerosis. Terminally differentiated, tissue-resident MCs 
are long lived [ 4 ], which coheres with a role in modulating local immunopathoge-
netic effects in chronic vascular disease. At least in the human the longevity of MCs 
is dependent upon the continued presence of SCF [ 1 ]. Clearly, MCs perform a criti-
cal role in protecting the host from a variety of environmental hazards [ 4 ,  5 ], but in 
the long-lived human, the cellular functions of MCs become involved in many 
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disorders with a strong autoimmune component. The role of MCs has been 
 established in the pathophysiology of atopic dermatitis, psoriasis, asthma, and inter-
stitial cystitis, and is highly probable in multiple sclerosis, coronary artery disease, 
irritable bowel disorder, and arthritis. The sphere of potential diseases where MCs 
and their mediators may play a role is, however, extensive and we must refer to 
other comprehensive reviews for more detailed scrutiny [ 6 ,  7 ].  

3     Mechanisms of Action as an Infl ammatory Cell 

 MCs are most effi ciently activated via the classical IgE-mediated pathway but they 
can also be activated by a host of substances such as lipopolysaccharide, cytokines, 
hormones, immunoglobulins, neuropeptides (such as substance P), endothelin I, and 
activated complement components [ 8 ]. Functional activation of MCs leads to rapid 
degranulation of their mediators, many of which are preformed and stored in secre-
tory granules. Piecemeal degranulation is an alternative form of mediator discharge 
permitting the selective secretion of certain mediators (and not the whole content) of 
the secretory granules. The preformed mediators include tryptase, histamine, sero-
tonin (5-hydroxytryptamine), serine proteases, proteoglycans and cytokines such as 
tumor necrosis factor α (TNFα) and neutrophil chemokines CXCL1 and CXCL2 [ 9 ]. 

 MC activation also leads to  de novo  synthesis of chemokines, cytokines, and 
eicosanoids that requires time for synthesis. For example, arachidonic acid metabo-
lites (prostaglandins and leukotrienes), platelet activating factor (PAF), and several 
chemokines (e.g., CXCL1 and CXCL2) and cytokines (Il-1β and IL-6) can be syn-
thesized  de novo . The balance of engaging inhibitory and activatory cell-surface 
receptors on MCs determines whether the cell becomes active on encountering a 
challenge. Once activated, MC’s response is further regulated by the balance of both 
positive and negative intracellular molecular events that extend well afar from the 
conventional role of kinases and phosphatases [ 10 ,  11 ]. MCs are equipped with 
particular antigen presenting capacity and phagocytosis of microbes and antigens 
[ 2 ,  12 ], although their main mode of immunologic function is to act as local effector 
cells and attract other immune cells to the site of infl ammation.  

4     Cerebrocranial Mast Cells 

 The presence and activity of MCs within the cerebrum, already recognized by 
Nobel-prize winning immunologist Paul Ehrlich in the late nineteenth century, has 
received little attention up until now. MCs are not easily visible in standard histo-
pathological stainings such as hematoxylin-eosin. They can be clearly detected with 
a handful of specialized staining procedures, many of which utilize visualization 
of the abundant heparin sulfate contained in the cytoplasmic MC granules. These 
can be demonstrated by metachromatic dyes like toluidine blue (Fig.  1a ), azures A 
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and B, thionin and methylene blue, which induce purple or violet staining of the 
granules. Toluidine blue and Giemsa are the most routinely used stainings. Egg 
white avidin attaches to heparin as well and has been used in a fl uorophore-conjugated 
staining regimen. Tissue MCs can also be detected by enzyme cytochemistry by 
demonstration of Naphtol AS-D chloroacetate esterase activity (Leder staining) 
(Fig.  1b ), by immunocytochemistry against tryptase, and by visualization of hista-
mine fl uorescence after  o -phthaldialdehyde exposure [ 13 ].

   Using these techniques, the presence of MCs has long been observed in substan-
tial numbers in various craniocerebral structures. In the mammalian brain, MCs are 
found abundantly in the meninges, choroid plexus, hypothalamus, thalamus, olfac-
tory bulb, and the midbrain [ 14 – 17 ]. MCs are also observed in the cerebral cortex 

  Fig. 1    Mast cells in cerebral and meningeal tissues. ( a ) Toluidine blue staining of a rat brain sec-
tion demonstrating a densely packed granule-containing MC in association to a small blood vessel. 
A few solitary granules are also visible surrounding the outer cell membrane. ( b ) Demonstration 
of a rat brain MC with naphtol AS-D chloroacetate esterase (Leder) staining. A typical position 
close to a cortical penetrating arteriole can be observed. ( c ) Toluidine blue staining of mouse dura, 
showing the closely set localisation of MC in meningeal tissues       
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[ 14 ,  15 ,  18 ], characteristically at the branching points of cortical penetrating arteri-
oles (Fig.  1b ). A typical position for MCs is the Virchow–Robin perivascular space. 
They are situated in the brain parenchymal side of basal lamina, nesting between 
glial processes [ 19 ]. MCs are very abundant also in the dural meninges (Fig.  1c ). 
From these locations, MCs can infl uence not only the blood vessels but interact also 
with neurons, glial cells, microglia, and extracellular matrix components. 
Intramuscular injection of compound 48/80 in several species has triggered striking 
Evans blue extravasation in MC-rich brain areas but not in MC-devoid regions 
equipped with fenestrated capillaries [ 20 ]. A tremendous challenge for research is 
that the type of MCs is to a large extent species-dependent, and the cell population 
fl uctuates dynamically during development as well as in the course of behavioral 
and physiological events, and various kinds of stress. 

 The role of craniocerebral MCs remains elusive, but can be refl ected upon an 
evolutionary perspective. MCs might have transformed from a cell which was 
directly involved in the compartmentalization and killing of pathogens into a cell 
type which orchestrates complex reactions leading to segregation and clearing of 
invading microbes. From a simple effector cell, the MC has become a coordinating 
cell which operates not only through innate mechanisms but also with the contribu-
tion of adaptive immune mechanisms [ 21 ]. It is of fundamental importance for the 
pathogenic mechanisms within the CNS, that of the resident cells in the brain, only 
MCs are able to acutely respond by releasing massive amounts of preformed media-
tors (reviewed in [ 22 ,  23 ]). The impact of MC activation is not uniformly proinfl am-
matory, but can also attenuate the response of circulating leukocytes as in the mouse 
hippocampal brain trauma model [ 24 ]. 

 In the brain, MCs have been ascribed a wide spectrum of physiological functions 
serving not only host response and innate immunity but also endocrine regulation 
[ 20 ]. MCs have been traditionally held as a fi rst line of host defense against patho-
gens, allergens, toxins, and tissue injury, but with evolutionary accumulation of 
various membrane-bound receptors and diverse granule-contained mediators, MCs 
have engaged in quite diverse regulating functions also in many normal physiologi-
cal and homeostatic functions along with the evolution of CNS.  

5     Diversity of MCs 

 MCs of different organotypic origins show a substantial heterogeneity regarding 
their granule content and certain outer membrane epitopes. The organotypic differ-
ence has been used to classify MCs, which traditionally have been divided into 
mucosal or connective tissue type serosal (peritoneal) types. One key diversity is 
that of the main protease content: in humans, MCs can be distinguished based upon 
whether they contain tryptase (MCT) or tryptase and chymase (MCTC) [ 25 ]. 
Another example of diversity is the lack of c-kit receptor for SCF reported in some 
cerebral MCs [ 26 ]. Interestingly, blood transfusion results in MCs of donor origin 
settling in tissues of WT mice including the brain, and this relocation is restricted to 
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regions bearing host MCs, but transfusion in KitW-sh/W-sh MC-defi cient mice 
strain results in MCs in the pinna of the ear, not in the brain [ 27 ]. Another brain 
tissue-specifi c MC characteristic is the low expression of the IgE-binding, high-
affi nity receptor FcεRI. The molecular and anatomical heterogeneity of the brain 
MCs has recently been reviewed in detail [ 20 ]. 

 However, experimental studies have indicated that, in keeping with the perivas-
cular position of MCs in the brain, the released vasoactive mediators furnish them 
with a capacity to regulate the permeability of BBB [ 28 ,  29 ].  

6     MCs in the Priming of Infl ammatory Cell Response 

 MCs are best known for their potent effector functions in allergic and hypersensitiv-
ity disorders. These phlogistic responses have long been known to be biphasic, the 
immediate phase occurring within minutes, and the late phase within several hours. 
The former is caused by the release of MC granule contents (histamine, TNFα, 
chymase, tryptase, heparin, cathepsin-G, and assorted chemokines). The second 
phase is characterized by  de novo  synthesis of MC mediators, such as leukotrienes, 
cytokines, prostaglandins, and additional chemotactic factors. However, MCs 
recently have been demonstrated to be involved in a vast array of considerably more 
complex immune functions that go well beyond allergies and contain the develop-
ment of autoimmune disorders and peripheral tolerance, as well as the initiation and 
maintenance of adaptive and innate host responses [ 30 ]. 

 In the development of local infl ammatory tissue response, MCs have been impli-
cated in recruiting neutrophils that are frequently the fi rst immune cells to enter an 
infl amed or infected tissue site [ 31 ,  32 ]. In a mouse model of lipopolysaccharide 
(LPS)-induced peritonitis, MC granules containing preformed chemokines CXCL1 
and CXCL2 were shown to be released by MCs within 15 min of in vivo stimula-
tion, constituting an ideal mechanism to stimulate local neutrophil entry from the 
circulation at an early stage following the infl ammatory signal [ 33 ]. Earlier work 
has emphasized the role of MC-granule dependent TNFα in mediating the initial 
phase of neutrophil recruitment following immune-complex mediated peritonitis in 
mice [ 34 ]. In addition, MCs, like macrophages, also were demonstrated to newly 
synthesize CXCL1 and CXCL2, making detectable amounts within 1 h of LPS 
treatment. Neutrophil extravasation was diminished in mice devoid of MCs [ 33 ]. 

 Another facet of the local infl ammatory response is the increase of vasoperme-
ability and tissue edema. A well-established view is that several MC mediators, 
especially the vasoactive amines histamine, serotonin, and vascular endothelial 
growth factor A (VEGF-A), increase capillary leakage and can rapidly trigger tissue 
edema [ 35 ], but numerous other MC mediators such as PAF and leukotrienes par-
ticipate in this response. Histamine receptor antagonists are therapeutically used to 
treat edema formation and allergic reactions associated with aberrant MC activity 
e.g., in pulmonary asthma, which can be also treated by the classic MC-stabilizing 
medicament, sodium cromoglycate. MCs can also trigger vascular permeability by 
paracrine mechanisms such as heparin-initiated bradykinin formation [ 36 ]. 
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 Although sparsely scattered in tissues, MCs are strategically positioned in close 
proximity to blood vessels and thus in a position to directly infl uence circulating 
leukocytes [ 33 ]. The same principle seems to be active in mounting local infl amma-
tion also in the various infl ammatory diseases of the brain [ 6 ]. It is noteworthy that 
the described physiological and pathophysiological roles of MCs are likely to be 
strongly species-specifi c, because the immunological key characteristic such as the 
palette of granule constituents, membrane receptors, and activation modes have 
 signifi cant variability across different animal species.

7        Mast Cells as a Member of the Neurovascular Unit 

 The co-orchestrated roles of endothelial cells, neurons, astrocytes, pericytes, and 
extracellular matrix in the pathobiology of cerebral blood vessels have been encom-
passed under the term “neurovascular unit” (NVU). We and others have viewed 
MCs in the context of the NVU responding to cerebral ischemia [ 23 ,  37 ]. In the 
micromilieu of the brain parenchyma resident MCs lie in close proximity to other 
cell types of the NVU (Fig.  2 ). In addition to their role as initiators of acute infl am-
matory and vasoactive events, functional, unstressed MCs are certain to interact 
with these surrounding cell types, with bidirectional effects. Modes of interaction 
are likely to include direct cellular connections and released mediators, but interest-
ingly, may also include cell signaling via release of exosomes, small membrane 
vesicles packed with RNA, capable of altering function of surrounding cell types 
[ 38 ]. For now, most research on cerebral MCs has focused on the pathophysiology 
of different neurological disorders, and more detailed investigation of MC interac-
tion with other NVU cell types has been scarce, mostly relying on in vitro cell cul-
ture methods. Therefore the participation of MCs in the various physiological 
functions of the NVU is still to be characterized.

a b

  Fig. 2    Illustration of MCs at the NVU ( a ) and components of the basal lamina ( b )       
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8        Evidence for a Role of MCs in Cerebral Ischemia 

8.1     Mast Cell Activation in Experimental Models of Cerebral 
Ischemia 

 Initial observations of MC activation in experimental focal cerebral ischemia were 
made 15 years ago in our laboratory [ 39 ,  40 ]. In these experiments, degranulated 
cerebral MCs were observed in perivascular locations often associated with adja-
cent perivascular edema, based on which we hypothesized MCs to be involved in 
the pathophysiology of cerebral ischemia. Later on, MC activation and subsequent 
mediator release were reported in an in vitro model of oxygen-glucose deprivation 
[ 41 ]. In a separate study we further showed a dose-dependent activation of MCs (as 
measured by histamine release) in vitro as a reaction to tissue plasminogen activator 
(tPA), used for treatment of focal cerebral ischemia [ 42 ]. MC activation has also 
been described in neonatal rat stroke models. Biran et al. showed that ischemia 
induced histamine accumulation in the infarct core at 6–12 h after ischemia induc-
tion, whereas it was located in the penumbra at 24–48 h [ 43 ]. This study also showed 
that histamine accumulated in neuronal cells before they degenerated, which was 
accompanied by an increase in the MC count at 12 and 48 h. Activation of 
MCs after experimental hypoxic-ischemia injury in the neonate brain has later been 
replicated by additional studies [ 44 ].  

8.2     The Effects of MCs in Experimental Focal Ischemic Brain 
Damage 

 Investigation on the role of MCs in focal cerebral ischemia began with experiments 
using a transient middle cerebral artery occlusion (MCAO) model in rats. Applying 
pharmacological activation and inhibition of MCs, we found MCs to play a central 
part in the development of space occupying brain edema, BBB disruption, and neu-
trophil infi ltration 3 h after transient ischemia and reperfusion [ 18 ]. For example, 
MC stabilization with intraventricularly applied cromoglycate led to a 39 % reduc-
tion in hemispheric expansion, 51 % reduction in BBB leakage, and a 37 % reduc-
tion in postischemic neutrophil infi ltration. Involvement of MCs was subsequently 
studied using the same model together with intravenous tPA, simulating thrombo-
lytic treatment [ 42 ]. MC stabilization showed reduction not only of edema, BBB 
disruption, and neutrophil infi ltration, but also of perilous hemorrhage formation, 
neurological deterioration, and mortality. In both of these proof-of-concept studies, 
experiments were repeated using gene-manipulated MC-devoid rats lacking the 
c-kit ligand necessary for stem cell-dependent MC differentiation, demonstrating an 
even stronger protective effect with MC defi ciency [ 18 ,  42 ]. 
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 More recently, our initial experimental findings in rats were replicated by 
two groups using a mouse MCAO model of transient ischemia. Studying later 
timepoints at 3 days and 2 weeks, Arac et al. showed significant reductions in 
brain edema, granulocyte infiltration, and infarct size in two different 
MC-deficient mouse strains [ 45 ]. Importantly, the study demonstrated the cen-
tral participation of the meningeal MC population mediated via interleukin 
(IL)-6 and, to a lesser extent, chemokine ligand 7. Another study with pharma-
cological stabilization of MCs and genetically MC-deficient mice supported the 
involvement MCs in the pathophysiology of ischemia-mediated edema and 
inflammation, and suggested a role for endoglin, endothelin-1, and MMP-9, but 
not for TNFα [ 46 ]. Interestingly, this study also reported an increase of MC 
count by 50 % in the infarcted hemisphere 4 h after transient MCAO. Together, 
these observations provide solid evidence to support direct involvement of MCs in 
the pathophysiology of focal cerebral ischemia.  

8.3     MCs and Neuroprotection 

 The initial in vivo stroke model experiments were not designed to study late-stage 
neuroprotection, and did not notice any effect regarding the lesion volume in asso-
ciation with MC stabilization or genotypic MC defi ciency [ 18 ]. However, another 
study with longer follow-up of 24-h revealed a clear effect on functional recovery 
both after pharmacological stabilization of mast cells and in rats with mast cell 
defi ciency [ 42 ], although no signifi cant differences in infarct sizes were seen. More 
recent studies have also showed a reduction of infarct volume after MC stabilization 
in adult wild-type mice [ 45 ,  46 ]. Again, additional supporting evidence of MC 
involvement in tissue injury comes from neonate models. One set of experiments 
showed MC involvement in hypoxic-ischemic brain damage in the immature rat 
[ 47 ] and later observations showed that MC stabilization translated into reduced 
neuronal loss and brain atrophy [ 44 ]. The authors suggested the possibility of 
MC-derived IL-9 to be involved in the detrimental effect, which was supported by 
others [ 48 ]. Immunohistochemical co-localization studies of histamine and 
microtubule- associated protein 2 revealed accumulation in neuronal cells prior to 
their degeneration, and increased MC counts in the corresponding regions [ 43 ]. 
Histamine immunoreactivity was detected in MCs at 2, 6, and 12 h after ischemia, 
but disappeared at 24 h along with a concomitant observation of MC degranulation. 
Another study showed an effect of cyclosporin A in protecting against mild isch-
emic injury in neonatal rat brain [ 49 ]. The observed effect in reduction of histamine 
release from MCs is, however, IgE-dependent, and may not be of major importance 
in this setting. These data support a role for MCs in experimental ischemia-induced 
neuronal death, at least in neonatal cerebral ischemia.   
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9     Mast Cells and BBB in Ischemia–Reperfusion Injury 

 As the neurovascular unit responds to the sudden insult of ischemia and subsequent 
reperfusion, MCs are ideally located to initiate and aggravate known pathways of 
BBB disruption [ 23 ]. As discussed earlier, the activation of MCs is known to occur 
in a biphasic manner [ 3 ], starting with acute release of potent preformed granule 
contents that quickly spread to interact with the abluminal side of endothelial cells, 
the surrounding basal lamina, and other cell types of the neurovascular unit (Fig.  3 ). 
The second, later phase of MC activation is characterized by  de novo  production and 
release of mediators to support and prolong the initiated infl ammatory response [ 3 ]. 

 Very early on hypoxia, acidosis, formation of reactive oxygen species, and 
changes in blood fl ow act to disrupt cellular homeostasis of the neurovascular unit 
[ 37 ]. These reactions, together with intravascular blood coagulation, complement 
activation, and activation of the sympathetic nervous system, are likely initiators of 
MC activation next to parenchymal microvessels and within meningeal tissues [ 23 ]. 

 The most imminent MC effects are amplifi ed through the adjacent endothelium, 
which is the initial site of BBB leakage and failure early after reperfusion [ 50 ]. 
Histamine, an abundant and highly soluble MC mediator, acts through endothelial 
histamine receptors to activate calcium infl ux and convert the cells into a proinfl am-
matory state [ 51 ]. The carefully characterized effects of histamine include increased 
endothelial permeability [ 51 ,  52 ], activation of endothelial nitric oxide synthase 
(eNOS) [ 53 ], and acute release of Weibel–Palade bodies (WPBs) [ 54 ], the main stor-
age site for von Willebrand Factor (VWF) and P-selectin that act to support acute 
leukocyte infi ltration [ 55 ,  56 ]. The MC protease tryptase may further activate endo-
thelium through cleavage of the proteinase activated receptor 2 (PAR-2), with similar 

  Fig. 3    Main pathways of MC-mediated blood–brain barrier disruption       
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effects to histamine [ 57 ]. A third MC mediator, Cathepsin G, has also been shown to 
induce endothelial permeability and infl ux of calcium into endothelial cells [ 58 ,  59 ]. 

 As reperfusion injury advances, a storm of proteolytic enzymes is activated 
within the structures of the cerebral microvasculature [ 60 ,  61 ]. Ultrastructural evi-
dence suggests that an early disruption of basal lamina [ 62 ], endothelial tight junc-
tions [ 63 ], and other cellular connections ensues [ 64 ], and may locally progress to 
cause structural failure of the vascular wall, leading to edema and eventually hemor-
rhage [ 65 ]. Experimental evidence indicates that the wide armamentarium of MC 
mediators may have a central role in enhancing this proteolytic cascade [ 23 ]. 

 The family of matrix metalloproteinase (MMP) enzymes, especially the gelatin-
ases MMP-2 and -9, are thought to be a central proteolytic pathway, minutely char-
acterized in experimental stroke models [ 61 ,  66 – 68 ]. For example, in human stroke 
patients plasma levels of MMP-9 are correlated with the incidence of signifi cant 
hemorrhagic transformation [ 69 ,  70 ]. Using a rat MCAO stroke model, we found 
that both genetic MC defi ciency and pharmacological MC stabilization with intra-
cerebroventricular cromoglycate were able to signifi cantly reduce the percentage of 
microvessels with high gelatinase activity in the ischemic hemisphere as early as 3 h 
after reperfusion (−64 % and −36 %, respectively) [ 71 ]. This fi nding is likely a sum 
of several MC-mediated effects on the MMP-cascade. 

 MCs have been shown to release both MMP-2 and -9 [ 72 ], which fi ts with the 
gelatinolytic activity we observed in the granules of activated cerebral MCs [ 71 ]. 
The MC protease chymase is capable of activating proMMP-1, proMMP-2, and 
proMMP-9 [ 72 – 74 ] and degrades tissue inhibitor of metalloproteinases (TIMP) -1, 
an important endogenous MMP-inhibitor [ 75 ]. MC tryptase has also been shown to 
activate proMMP-2 and proMMP-3 [ 76 ,  77 ]. Further on, in vitro studies have shown 
that histamine induces MMP-2 production in endothelial cells [ 78 ] and MMP-9 
production in astrocytes [ 79 ]. MC proteases can also degrade components of the 
basal lamina directly: chymase is capable of degrading fi bronectin [ 80 ] and cathep-
sin G, found in a subset of MCs, is able to degrade fi bronectin and laminin [ 81 ,  82 ]. 

 Progression of postischemic BBB disruption is accompanied by unrestrained 
granulocyte infi ltration, beginning hours after reperfusion [ 83 ], which acts to fur-
ther drive infl ammation, increase proteolysis and barrier permeability [ 84 ], and dis-
rupt microvascular fl ow [ 85 ]. MCs seem to have a central role in activating leukocyte 
recruitment, as data from three individual laboratories show that MC inhibition sig-
nifi cantly reduces both early and late granulocyte infi ltration after transient MCAO 
(3–6 h and 3 days postreperfusion, respectively) [ 18 ,  42 ,  45 ,  46 ]. 

 MCs secrete a wide range of mediators that can augment granulocyte infi ltration. 
In addition to the endothelial dependent effects of histamine and tryptase described 
above, MCs are capable of releasing preformed TNFα, which further increases endo-
thelial permeability, endothelial adhesion molecule expression, and neutrophil infi l-
tration [ 86 – 88 ]. Moreover, chymase is thought to have direct chemotactic effects on 
neutrophils [ 89 ]. As MC activation endures,  de novo  production of mediators contin-
ues to support infi ltration of granulocytes. IL-1 is capable of increasing both endothe-
lial barrier permeability and neutrophil infi ltration [ 90 ,  91 ]. Further, in a recent report, 
Arac et al. demonstrated that IL-6 is central for MC-dependent  neutrophil infi ltration 
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in a later phase, 3 days postreperfusion. In these experiments reconstitution of 
MC-defi cient mice with wild-type MCs returned typical neutrophil infi ltration and 
brain swelling, while reconstitution with IL-6-defi cient MCs did not [ 45 ]. 

 To sum up, the effects of MCs in experimental models of ischemic stroke are 
well in line with the known effects of the wide armamentarium of MC mediators. 
However, the individual contribution of these mediators is still unknown, and will 
require further experimental work, preferably by reconstituting MC-defi cient mice 
with MCs defi cient for the studied mediator [ 45 ]. Although meningeal MCs appear 
to be central at later timepoints after reperfusion (3 days and 2 weeks) [ 45 ], the rela-
tive contribution of different MC populations in the ultra-acute and early phases 
(0–48 h) of ischemic stroke is still unknown.  

10     Mast Cells, Blood Coagulation, and Fibrinolysis 

 In addition to their potent vasoactive, proteolytic, and chemotactic effects, MCs are 
known as a profi brinolytic, anticoagulant, and antithrombotic cell type, with several 
effects on thrombotic pathways [ 23 ,  92 ]. As reperfusion injury advances to break 
down structures of the vascular wall, the unphysiologically strong activation of MCs 
may partake in initiating dangerous intraparenchymal hemorrhage, one of the most 
feared complications of acute stroke treatment. Supporting this hypothesis, in 
experiments using a rat stroke model with 90 min of transient MCAO combined 
with intravenous tPA, both genetic and pharmacological MC inhibition led to almost 
total abrogation of intraparenchymal hemorrhage [ 42 ]. Again, a spectrum of MC 
mediators have effects on hemostasis. 

 Heparin is the central anticoagulant mediator released from MCs, a negatively 
charged glycosaminoglycan which catalyzes antithrombin III-mediated inactivation 
of coagulation factors, most importantly activated factor X and thrombin [ 93 ]. 
Heparin can inhibit binding of platelets onto collagen IV [ 94 ], revealed upon disrup-
tion of the vascular wall. Further, heparin also releases tissue factor pathway inhibi-
tor (TFPI) from the surface of endothelial cells, a mediator which can inhibit arterial 
thrombosis [ 95 ]. Lastly, heparin has recently been shown to activate the plasma 
contact system, inducing rapid generation of bradykinin without activation of blood 
coagulation [ 36 ], which may act to further increase endothelial permeability and 
leukocyte infi ltration. 

 MCs also have more direct effects on fi brinogen and fi brin. MC tryptase has been 
shown to degrade fi brinogen, preventing normal fi brin formation [ 96 ,  97 ]. Tryptase 
also activates pro-urokinase [ 98 ], an important plasminogen activator, initiating 
plasmin-mediated breakdown of fi brin. Moreover, MCs have been shown to 
directly secrete tissue plasminogen activator (tPA), another central plasminogen 
activator, without accompanying secretion of plasminogen activator inhibitors, like 
plasminogen activator inhibitor-1 (PAI-1) [ 99 ]. Importantly, a wide collection of 
experimental evidence has shown that plasminogen activators, especially tPA, have 
important effects on proteolysis and infl ammation at the BBB, in addition to direct 
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pro- excitotoxic effects [ 100 ]. Of note, a positive feedback loop may exist between 
fi brinolysis and further MC activation, as certain fi brinolytic breakdown products of 
fi brinogen have been shown to activate MCs [ 101 ]. 

 The endothelial effects of MC mediators contribute an additional pathway for 
modifi cation of hemostasis. In patients with anaphylaxis, extremely strong MC 
activation and subsequent release of endothelial WPBs have been shown to induce 
a rapid increase in circulating levels of both vWF and tPA, and induce systemic 
plasminogen activation [ 102 ]. The signifi cance of this pathway during localized 
MC activation is still to be uncovered, but may have both fi brinolytic and proag-
gregatory effects. 

 In the setting of acute infl ammation, the physiological purpose of these described 
anticoagulant, fi brinolytic, and antithrombotic MC effects may be in regulating 
thrombosis activated by infl ammatory pathways, to ensure adequate blood fl ow to 
the infl amed tissue area, and counteract the inhibitory effects of fi brin formation on 
leukocyte recruitment [ 103 ]. More generally, in the resting state, MCs have been 
suggested to protect the brain microvasculature against thrombotic challenges 
[ 104 ]. In line with these hypotheses, several products of the coagulation cascade 
have been shown to activate MCs, including bradykinin, thrombin, and activated 
factor X [ 105 – 107 ].  

11     Conclusions 

 To conclude, recent experimental research suggests that MCs and their nominal 
responses increasing the permeability of the vascular wall play a signifi cant, delete-
rious role following acute cerebral ischemia. MCs should be regarded as a potent 
infl ammatory cell type that can interact via a multitude of mediators and signalo-
somes with its neighboring cells within the NVU, and may also have more distant 
effects within the CNS. MCs are a unique resident infl ammatory cell type, settled in 
the proximity of the vascular wall already at the outset of ischemia, capable of 
quickly degranulating, leading to degradation of the basal membrane, BBB damage, 
brain edema, and hemorrhage. 

 Future goals of MC research include examination of whether MC mediators are 
released early after cerebral ischemia in man. In view of the signifi cant species dif-
ferences in the immunological characteristics and mediator contents of MCs, more 
evidence is needed on the magnitude of MC-dependent chemokine release, neutro-
phil targeting, and other secondary effects on postischemic tissue integrity. The 
potential involvement of the meningeal MC population is an attractive area of future 
research, as these MCs may be more readily infl uenced with pharmacological 
means due to their localization outside the BBB. MCs are candidate cells to become 
novel pharmacologic targets at the NVU to limit ischemic and hemorrhagic brain 
damage associated with reperfusion therapies.     
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