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Intracranial aneurysms (IAs) can cause a lethal subarachnoid hemorrhage after rupture. The 
prevalence of IA is high in the general public; however, the annual risk for the rupture of 
an incidentally found lesion is relatively low. Therefore, it is crucial to selectively diagnose 
rupture-prone IAs among many diagnosed IAs, and properly treat such IAs before rupture. 
Recent studies using human IA specimens or experimentally-induced IAs in animals have 
revealed some important findings regarding the role of inflammatory cells infiltrating IA 
lesions. Currently, IA is considered an inflammatory disease of the intracranial arterial walls. 
Macrophages are presumably a major type of inflammatory cells regulating the pathogenesis 
of IAs through the production of a wide range of pro-inflammatory factors. Based on a series of 
studies, macrophages could be a diagnostic target for rupture-prone IAs. Currently, the potential 
diagnostic method to detect iron-engulfing macrophages in IA lesions by magnetic resonance 
imaging is reported. In this review, the authors will summarize the findings regarding the 
inflammatory cell types present in IA lesions and discuss future prospects for the development 
of a novel diagnostic method identifying rupture-prone IAs.
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With the background of neurosurgeon, molecular biologist and pharmacologist, Dr. Tomohiro Aoki’s research aims 
to develop novel therapeutic drugs to treat intracranial aneurysms or novel diagnostic modalities. He desires to 
collaborate with both clinicians and basic researchers to proceed researches.
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INTRODUCTION

Despite the existence of intensive treatments and 
modern technical advancements in medical care, 
subarachnoid hemorrhage caused by the rupture of 
an intracranial aneurysm (IA) has a poor prognosis 
with a mortality rate of up to 50%.[1] In addition, 
subarachnoid hemorrhage can cause sudden death, 
even in the productive population, making this disease 
socially important. Given such a devastating outcome 
and difficulty in treatment once the subarachnoid 
hemorrhage develops, rupture-preventing treatment 
of IAs is essential. Currently, many IAs are incidentally 
found before rupture through a medical checkup of the 
brain, particularly in developed countries. Indeed, in a 
Japanese cohort, the majority of unruptured IAs were 
found incidentally.[2] The detection of unruptured IAs 
enables prophylactic interventions for the prevention 
of rupture and the subsequent onset of subarachnoid 
hemorrhage. Currently, IAs with a high probability of 
rupture are holistically selected using morphological 
aspects such as size and shape, anatomical aspects 
such as location, and other confounding factors which, 
according to some guidelines and previous cohort 
studies, increase the likelihood of rupture, such as a 
previous or family history of subarachnoid hemorrhage, 
race (Japanese or Finnish), current smoking status, 
or the presence of hypertension. IAs with a high risk 
for rupture are surgically treated using microsurgical 
or endovascular procedures.[3-5] In order to predict 
the risk of IA rupture more objectively and accurately, 
a scoring system has been established based on a 
meta-analysis of 6 prospective cohort studies on the 
annual rupture risk of IAs.[3,6] However, the lack of a 
diagnostic method to qualitatively estimate the rupture 
risk for each IA is currently a major concern in IA 
treatment. The natural consequence is that IAs with a 
lower probability of rupture are sometimes surgically 
treated with a considerable risk for complications, or 
lesions on the verge of rupture are simply observed, 
resulting in a devastating outcome. Therefore, a novel 
qualitative diagnostic method should be established 
in order to reduce inappropriate decisions regarding 
surgical intervention.

Another important concern regarding current IA 
treatment for rupture prevention is the lack of medical 
treatment (expect for medical care targeting risk 
factors such as hypertension) for patients with IAs 
ill-suited for surgery, including patients with small 
IAs or elderly patients with significant comorbidity.[6] 
Considering the poor outcome associated with 
subarachnoid hemorrhage after onset, the intrinsic risk 
of complications related to surgical manipulations, and 
the nature of unruptured IAs as asymptomatic lesions, 

medical IA treatment should be established for patients 
without surgical indications, or as an alternative to 
surgical procedures. Currently, statin is considered to 
be a candidate therapeutic drug for IAs as our previous 
case-control study demonstrated that statin usage 
reduced the incidence of subarachnoid hemorrhage 
due to the rupture of IAs.[7] In addition, a prospective 
randomized trial examining the inhibitory effect of 
statins on the progression and rupture of human IAs, 
known as the Small Unruptured Aneurysm Verification 
Prevention Effect against Growth of cerebral Aneurysm 
Study Using Statin study (Japan), is in progress. 
However, the mechanisms underlying the pathogenesis 
of IAs need to be further examined in order to develop 
effective and safe medical treatments. Thus, knowledge 
regarding the cell types regulating the pathogenesis 
of IAs is essential to the identification of diagnostic 
or therapeutic targets. Although the histopathological 
examination of human IAs demonstrated the presence 
of hyaline deposits, sub-intimal fibrin deposition, and 
laminar thrombosis in lesions, particularly in ruptured 
IAs,[4,8,9] thereby implicating endothelial dysfunction as 
a potential target for medical therapy, we focus on the 
inflammatory infiltrates found in IA walls in this short 
review given previous findings that the inflammatory 
response is crucial in the pathogenesis of IAs.[10-13]

INFLAMMATORY CELLS IN IA LESIONS

Histopathological analysis of surgically dissected 
or autopsy-harvested IA specimens has revealed 
the presence of inflammatory cells in IA lesions. 
Kataoka et al.[9] demonstrated an increased presence 
of inflammatory infiltrating immune cells in ruptured 
human IAs compared to that in unruptured IAs 
with a positive correlation between inflammatory 
infiltrates and degenerative changes in the arterial 
walls, suggesting a role for inflammatory cells in the 
rupture of IAs. Inflammatory cells found in human 
IA lesions include macrophages,[14-16] neutrophils,[17] 
T lymphocytes[14,15] and mast cells.[16,18,19] Among 
these types of inflammatory cells, the contribution 
of macrophages, neutrophils, and mast cells to 
the pathogenesis of IAs has been supported by 
experimental studies using animal IA models. Below, 
we review the evidence for each cell type.

T cells
T cells are a major cell type participating in acquired 
immunity. T cells are differentiated in the thymus from 
their precursors mainly into CD4-positive and CD8-
positive T cells. These differentiated T cell subsets are 
then distributed throughout the body and are further 
differentiated into effective subtypes according to the 
microenvironment in situ, including CD8-positive T 
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cells as well as T helper 1, 2, and 17 cells (Th1, Th2, 
and Th17). Some T cells function as a node of acquired 
immunity and regulate inflammatory responses in 
a coordinated manner with other cell types in the 
microenvironment. As expected, T cells play a crucial 
role in various diseases, including inflammatory 
and autoimmune diseases.[20] The accumulation of 
T cells in human IA lesions has been pathologically 
demonstrated, suggesting the contribution of this cell 
type to the rupture of IAs.[14,15] Although a recent study 
has demonstrated the predominance of Th1 and Th17 
subsets over Th2 in ruptured IAs,[21] the detailed role 
of T cells in the pathogenesis of IAs, including which 
subset/subtype of T cells regulates IA formation and 
rupture, remains to be elucidated.

Mast cells
Mast cells are characterized by a large number of 
cytoplasmic granules and are well recognized as 
mediators of certain types of inflammation including 
allergic inflammation.[22,23] Mast cells play a role in 
inflammation through degranulation of cytoplasmic 
granules, which contain a variety of cytokines and 
pro-inflammatory factors such as tumor necrosis 
factor-alpha (TNF-α), interleukin (IL)-1β, IL-3, IL-4, 
IL-6, IL-8, IL-13, and transforming growth factor-beta 
(TGF-β).[24-29] Once mast cells are activated, they 
release large amounts of pro-inflammatory factors 
from the granules into the extracellular space, resulting 
in the induction of inflammatory responses within the 
microenvironment. Mast cells significantly participate 
in the pathogenesis of various inflammation-
related diseases, including vascular diseases such 
as atherosclerosis,[24,30-33] via the release of pro-
inflammatory factors from granules.

In the case of IA, the presence of mast cells in human 
IA lesions has been demonstrated.[16,19] Hasan et al.[16] 
further demonstrated that the number of mast cells 
located in IA lesions is larger for ruptured compared 
to unruptured IAs, suggesting a role for mast cells 
in the rupture of IAs. In addition, Ollikainen et al.[19] 
demonstrated a positive correlation between the 
number of mast cells present in IA lesions and 
neovascularization and iron deposition (presumably 
due to microhemorrhage), suggesting the contribution 
of mast cells to degenerative changes in the media. 
However, the exact contribution of mast cells to the 
pathogenesis of IAs is difficult to discern from studies 
using human specimens; thus, the pivotal role of mast 
cells to the pathogenesis of IA has been clarified 
using animal IA models.[34,35] These studies have 
demonstrated an increase in the number of mast cells 
in IA lesions during progression of the disease. In 
order to demonstrate a causal relationship between 

the presence of mast cells and IA progression, the 
researchers treated rats with emedastine difumarate 
(1-(2-ethoxyethyl)-2-(hexahydro-4-methyl-1H-
1,4-diazepin-1-yl)-benzimidazole difumarate) and 
tranilast (N-(3,4-dimethoxycinnamoyl) anthranilic 
acid), two widely-used inhibitors for limiting mast cell 
degranulation. Inhibition of mast cell degranulation 
effectively reduced lesion size and degenerative 
changes of the media through the inhibition of 
inflammatory responses, including reduced NF-
κB activation, monocyte chemoattractant protein-1 
(MCP-1) expression, macrophage infiltration, matrix 
metalloproteinases (MMPs) and IL-1β expression, 
which facilitate pathogenesis.[10,13,36-39] Moreover, 
in vitro experiments using a primary culture in 
which vascular smooth muscle cells and mast cells 
prone to degranulation are co-cultured, confirmed 
the contribution of mast cell degranulation to the 
activation of medial smooth muscle cells.[35] Given 
that factors suppressed by the administration of 
degranulation inhibitors are known to facilitate IA 
formation and progression,[10,13,36-39] mast cells or mast 
cell degranulation inhibitors may be a therapeutic 
target for IA treatment. It is encouraging that mast 
cell degranulation-inhibitors are already widely used 
as anti-allergic drugs; thus, medical therapy targeting 
mast cells may be possible in near future.

Neutrophils
Neutrophils, defined using surface markers such as 
CD11b, Ly-6G and Ly-6C, are antigen-presenting 
cells. This cell type is recruited by chemoattractant 
factors such as chemokine (C-X-C motif) ligand 
1 (CXCL1)[40] and is present in the inflammatory 
microenvironment, migrating to inflammation sites and 
exacerbating inflammatory responses by secreting 
various pro-inflammatory factors in response to 
cytokines present in situ. Factors released from 
neutrophils include proteases and digestive enzymes 
such as myeloperoxidase, collagenase, elastase, and 
cathepsin.[20] Neutrophil turnover during inflammation 
is usually rapid; therefore, this cell type is traditionally 
believed to be a mediator of the acute inflammatory 
response. However, recent studies have revealed 
the contribution of neutrophils to the pathogenesis 
of diseases with long-lasting inflammation, referred 
to as chronic inflammatory diseases. For example, 
neutrophils are the most abundant cell type in colitis-
associated colon cancer induced in mice and have been 
shown to be as a major source of cytokines regulating 
inflammatory responses, including TNF-α and IL-6, 
which contribute to the transformation/proliferation of 
cancer cells.[41,42] The crucial contribution of neutrophils 
to the pathogenesis of cancer has been clarified in 
a study demonstrating that the genetic depletion of 
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C-X-C chemokine receptor 2, the receptor for CXCL1, 
resulted in a significant reduction of tumorigenesis.[41]

In case of IAs, the presence of neutrophils in IA lesions 
has been demonstrated both in human specimens[17] and 
in animal models.[17,37] In human IAs, myeloperoxidase-
positive cells, including neutrophils, are abundantly 
present in IA lesions.[17] Genetic loss of myeloperoxidase 
in mice significantly reduces not only the incidence 
of IAs, but also delays the onset of subarachnoid 
hemorrhage. This suppressive action due to the loss of 
myeloperoxidase is accompanied with the suppression 
of CXCL1 and other pro-inflammatory factors. These 
results suggest a role for myeloperoxidase, presumably 
produced by neutrophils, in the incidence and rupture 
of IAs. Intriguingly, as the loss of myeloperoxidase 
suppresses CXCL1 expression, myeloperoxidase may 
contribute to the formation of a positive feedback loop 
among neutrophils, which amplifies and exacerbates 
inflammation. Thus, myeloperoxidase may function 
to form a vicious cycle leading to the progression of 
IAs. Therefore, myeloperoxidase, or another factor 
regulating the activity of neutrophils, could be an ideal 
therapeutic target in the treatment of IAs.

Macrophages
Macrophages, defined by the expression of surface 
markers including CD11b, CD68, CD163, are also 
antigen-presenting cells.[43] It is, of course, the major 
cell type evoking inflammatory responses. The 
accumulation of macrophages in human IA lesions has 
been demonstrated. Chyatte et al.[15] demonstrated 
that number of macrophages was larger in IA lesions 
than in control arterial walls, and thus proposed a role 
for macrophages in the formation and rupture of IAs. 
Frösen et al.[14] analyzed the pathology of surgically-
dissected IA walls and found that macrophage 
infiltration, apoptosis, the loss of endothelial cells, 
thrombosis in the lumen, and the proliferation of 
medial smooth muscle cells were more frequently and 
robustly observed in ruptured IAs than in unruptured 
IAs, suggesting a role for macrophages in the rupture 
of IAs. Furthermore, as macrophage infiltration was 
correlated with the proliferation of medial smooth 
muscle cells and both were increased in ruptured IAs 
collected within 12 h after rupture, the authors proposed 
an additional role of macrophages in the repair of the 
arterial walls of IA lesions.[14] Hasan et al.[16] examined 
macrophage subsets (M1 and M2) in IA walls. M1 
and M2 are defined according to the expression of 
several markers with inducible nitric oxide synthase 
(iNOS) expressed in M1 and CD163 expressed 
in M2 macrophages.[44] Traditionally, M1 and M2 
macrophages are believed to function oppositely 
in inflammatory settings with M1 exacerbating and 

M2 ameliorating inflammation. Hasan et al.[16] found 
that, in unruptured IAs, M1 and M2 populations were 
similar, but in ruptured IAs, the balance shifted to M1-
predominance over M2, indicating a role for M1 in the 
rupture of IAs. However, careful attention is needed 
regarding the role of specific macrophage subsets in 
the rupture of IAs because subarachnoid hemorrhage 
as the consequence of rupture robustly induces acute 
inflammation, and thereby presumably shifts the 
balance among macrophage subsets.

Recent experimental studies using animal IA models 
have clarified the crucial role of macrophages in IA 
formation and progression. Using a rat model, Aoki et al.[37] 
demonstrated that macrophages are the major 
inflammatory cell type in IA walls with the remaining 
cell types consisting of T lymphocytes and neutrophils. 
The authors also demonstrated the presence of mast 
cells in IA walls in an experimental model; however, 
macrophages occupied the majority of inflammatory 
cells.[35] In order to examine the contribution of 
macrophages to IA formation and progression, mice 
deficient in monocyte chemoattractant protein-1 
(MCP-1), a major chemoattractant for macrophages, 
were subjected to an IA model.[36] The genetic loss of 
MCP-1 almost completely inhibited the infiltration of 
macrophages in lesions and significantly suppressed 
IA formation to the level seen in un-treated wild 
type mice.[36] The effect of a genetic loss of MCP-
1 on IA formation has also been demonstrated in 
another study by Kanematsu et al.[45] In addition, 
Aoki et al.[36] administered the dominant-negative 
form of MCP-1, known as 7-ND, in a rat IA model by 
injecting expression plasmid in the femoral muscle, 
and demonstrate a suppression of IA formation and 
progression, further confirming the crucial role of MCP-
1-mediated macrophage infiltration in IA formation 
and progression. In the IA walls of MCP-1-deficient 
mice, the inflammatory response, including NF-κB 
activation as well as iNOS and MMP-9 induction, was 
remarkably ameliorated compared with that of wild 
type mice,[36] supporting the role of macrophages as 
an inducer of inflammation in lesions. The importance 
of macrophages in the pathogenesis of IAs is also 
supported by Kanematsu et al.[45] in which the 
pharmacological depletion of macrophages using 
clodronate liposome remarkably suppressed IA 
formation in mice. MCP-1 expression overlaps with 
NF-κB in endothelial cells during the early stage of 
IA formation,[36] indicating that NF-κB-dependent 
MCP-1 expression and trans-endothelial migration 
of macrophages occurs via MCP-1. Indeed, mice 
deficient in the NF-κB p50 subunit show significantly 
less induction of MCP-1 in lesions, supporting the 
dependency of NF-κB on MCP-1 expression in 
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lesions.[13] Given that the high wall shear stress loaded 
on bifurcation sites of intracranial arteries where IA 
forms is considered to be a trigger of IA formation 
through extensive studies conducted in mainly 
3D-computational fluid dynamics analyses of human 
IA lesions,[10,46-48] one potential factor triggering NF-κB-
dependent MCP-1 expression in endothelial cells is 
presumably this hemodynamic force. However, further 
studies are needed in order to corroborate whether 
macrophages indeed migrate across endothelial cells 
during IA formation and progression. Given these 
findings, IA is now considered to be a macrophage-
mediated inflammatory disease of the intracranial 
arteries. Therefore, macrophages could be a target in 
the development of a novel diagnostic method and in 
the development of a therapeutic drug.

MACROPHAGE IMAGING

Given the devastating consequences of an aneurysmal 
subarachnoid hemorrhage as well as the relatively low 
annual risk of rupture,[2] it is crucial to appropriately 
select rupture-prone IAs among many unruptured 
IAs while avoiding unnecessary surgical intervention 
through the proper estimation of the rupture risk for 
each lesion. For example, a qualitative evaluation 
using non- or minimally-invasive magnetic resonance 
imaging (MRI) of IA lesions could be a candidate 
diagnostic method. Given the crucial contribution 
of macrophage-mediated inflammatory responses 
to the pathogenesis of IAs,[10,36,45,49] macrophages 
as well as factors secreted from or factors recruiting 
macrophages can be considered potential targets for 
imaging. Macrophages are an antigen-presenting cell; 
thus, macrophages actively search for and engulf 
foreign bodies by nature. Through their phagocytic 
activity, contrast agent-engulfing macrophages can 
be theoretically visualized using MRI. Indeed, many 
studies have demonstrated the application of this 
type of imaging technique for macrophage-mediated 
pathological conditions or diseases, including infection 
and atherosclerosis.[50,51] In these studies, ferumoxytol, 
which is an ultra-small superparamagnetic particle of 
iron oxide approved by the Food and Drug Administration 
(FDA) for the treatment of Iron Deficiency Anemia due 
to chronic renal failure, was applied as a contrast agent. 
Recently, the use of macrophage imaging for IAs has 
been reported.[52-55] In a series of reports, Ferumoxytol 
was intravenously administered to patients with pre-
diagnosed unruptured IAs and ferumoxytol-engulfing 
macrophages were visualized using a T2 star weighted 
image. In addition, in order to validate the MRI findings, 
the presence of iron particles was histologically 
confirmed using Prussian blue staining of CD68+ 
macrophages in the IA walls identified as macrophage-

rich lesions from ferumoxytol-MRI.[52] Intriguingly, anti-
inflammatory drugs (non-steroidal anti-inflammatory 
drugs) decreased signals in this imaging method, which 
was accompanied with a decrease in the macrophage 
count within lesions,[53] suggesting that macrophage-
imaging using ferumoxytol-MRI can positively reflect 
macrophage-rich or poor lesions. Importantly, these 
findings suggest the potential of this imaging method as 
a surrogate marker to non-invasively monitor disease 
activity. Unfortunately, ferumoxytol has a risk of a fatal 
allergic reaction and the FDA has strengthened the 
warning concerning usage of this drug as a contrast 
agent for diagnostic purposes. Therefore, a novel 
contrast agent for macrophage imaging with excellent 
biocompatibility and adequate safety is needed. In 
addition, because red blood cells contain a large 
amount of iron in the hemoglobin, macrophage-
imaging using iron-containing particles need to be 
evaluated after the subtraction of signals derived from 
red blood cells in the vasculature. Unfortunately, these 
subtraction procedures are often time-consuming and 
make interpretation quite difficult. Hence, to overcome 
the technical limitations related to iron-particle-based 
macrophage-imaging methods, positive contrast 
agents such as nano-particles containing gadolinium 
may be beneficial. Furthermore, with the use of a 
nano-particle based technique, a novel drug delivery 
system targeting macrophages may be possible. If 
so, IAs with abundant macrophage infiltration can be 
selectively targeted and treated by a cytotoxic agent in 
order to reduce macrophage-mediated inflammation in 
IA lesions.

As described above, macrophages have a wide range 
of subpopulations with different characteristics.[44] 
In human IA lesions, the M1 and M2 subpopulations 
are detected using immunostaining.[16] Further, as 
indicated in the previous report demonstrating a 
marked predominance of M1 over M2 in ruptured IAs 
compared to that in unruptured lesions,[16] a particular 
subpopulation of macrophages may alone contribute 
to the rupture of IAs. If so, the detection of this specific 
subpopulation would be helpful in discriminating 
rupture-prone IAs from stable lesions. Thus, next-
generation imaging modalities for subpopulation-
specific visualization of macrophages are desired. 
In addition, MRI contrast agents that target enzymes 
produced by inflammatory cells may be useful in 
diagnosing rupture-prone ‘dangerous’ lesions as 
suggested in a recent review article.[55] For example, 
myeloperoxidase is an enzyme produced by myeloid-
linage cells such as neutrophils. Enzymatic activity of 
this protein can be monitored by MRI using gadolinium-
chelating bis (5-hydroxytrytamide) derivatives of 
diethylenetetraamine pentaacetic acid as a contrast 
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agent.[56] Hence, if such a kind of contrast agent can be 
developed for clinical usage, rupture-prone IAs could 
presumably be differentiated from stable lesions.

CONCLUSION

The accumulation of histopathological and experimental 
evidence from human IA specimens and animal IA 
models has significantly promoted the conceptual 
understanding of the pathogenesis of IA and has 
defined IA as a macrophage-mediated chronic 
inflammatory disease of the arterial walls. This recent 
advancement in the understanding of IA pathogenesis 
greatly encourages the development of not only novel 
diagnostic methods for the detection of rupture-
prone IAs, but also the development of medical 
therapy targeting macrophages. In the near future, the 
diagnosis and treatment of unruptured IAs will enter a 
phase of major change. We hope that many patients 
with this disease will be more properly diagnosed and 
more safely treated.
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