Topic: The Role of Inflammation in Cerebral Aneurysm

Role of the complement cascade in cerebral
aneurysm formation, growth, and rupture

Blake E. S. Taylor'*3, Geoff Appelboom??, Robert Zilinyi'?, Ariana Goodman?, David Chapel*?,

Melissa LoPresti'*, Edward Sander Connolly Jr.2>35

!Department of Neurosurgery, Cerebrovascular Lab, Columbia University Medical Center, New York, NY 100027, USA.
?Department of Neurosurgery, Columbia University, New York, NY 100027, USA.

3College of Physicians and Surgeons, Columbia University, New York, NY 100027, USA.

*Department of Pathology and Cell Biology, Columbia University, New York, NY 100027, USA.

°New York University School of Medicine, New York, NY 100027, USA.

SNeuro-intensive Care Unit, Columbia University Medical Center, New York, NY 100027, USA.

Rupture of intracranial aneurysms is the most common cause of nontraumatic subarachnoid hemorrhage, but the intricate
neuroinflammatory processes which contribute to aneurysm pathophysiology are not well-understood. Mounting evidence has
implicated the complement cascade in the progression of aneurysms from their formation to rupture. In this article, we identify and
review studies that have sought to determine the role of the complement system in the aneurysm pathogenesis. The studies were
generally conducted by immunhistological analyses on aneurysm tissue collected intraoperatively, and multiple components of the
complement cascade and its modulators were identified in specific regions of the aneurysm wall. The results of the studies suggest
that the complement cascade is locally upregulated and disinhibited in the perianeurysmal environment, and that it contributes
to chronic as well as acute immunological damage to the aneurysm wall. In the future, understanding the mechanisms at work in
complement-mediated damage is necessary to leading the development of novel therapies.
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INTRODUCTION

Saccular or “berry” aneurysms, which are characterized
by an outpouching from one side of an affected artery,
have a prevalence of 3.2% in the general population? and
account for 90% of intracranial aneurysms.?* Ruptured
saccular aneurysms are responsible for 85% of cases
of nontraumatic subarachnoid hemorrhage (SAH),"
which carries a high case-fatality rate of 27-44%!"® and
often leaves survivors with significant functional and
cognitive deficits.*”! Clinically, aneurysms have mainly
been characterized by their location and morphological
features (size, shape, etc.),® but less attention has been paid
to the underlying immune processes, which contribute to
their formation, growth, or rupture. Understanding these
mechanisms is important to facilitate the development
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of novel diagnostic and therapeutic strategies, and
histopathological findings may contribute to conventional
clinical and radiological factors.' Recently, there has
been growing evidence that the complement cascade,
a major effector arm of the innate immune system,™"
plays a role in the pathophysiology of intracranial
aneurysms, and more broadly, in cerebrovascular
conditions. In this article, we review the complement
system as it relates to the pathogenesis of intracranial
saccular aneurysms. A thorough review of the literature
was conducted on PubMed, MEDLINE, EMBASE, and
Cochrane library databases using the search terms:
“complement”, “aneurysm”, “SAH”, “hemorrhagic
stroke”, “neuroinflammation”, and “saccular” in varying
combinations. Only original research articles that, at least
in part, investigated the role of the complement cascade
in intracranial aneurysms were selected.

HISTOPATHOLOGICAL MECHANISMS OF
SACCULAR ANEURYSM FORMATION,
GROWTH, AND RUPTURE

The progression of saccular aneurysms from formation
torupture involves a complex interplay of hemodynamic
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forces and changes in aneurysm morphology (luminal
factors), vessel wall integrity (extra-luminal factors),
immunological pathways, and patient-specific
factors.®1214 Clinical management and risk stratification
has generally relied on luminal characteristics (i.e. size,
location), and patient-specific risk factors, mainly
smoking, hypertension, heavy alcohol consumption,
positive family history,">*® but this does not differentiate
among aneurysms that have similar morphological
features yet heterogeneous natural histories and
pathological features.

Strong hemodynamic forces are thought to play a role
in initiating aneurysm formation as a result of high
shear stress on vessel walls, which is greatest at the
bifurcations of cerebral arteries, where aneurysms
occur most often.['"! Shear stress has been shown
to lead to loss and damage of endothelial cells, loss
of the internal elastic lamina (IEL), migration of
vascular smooth muscle cells (SMCs), and induction of
intracellular pathways in endothelial cells that induce
pro-inflammatory cytokine release. 024

Endothelial injury is considered to be a necessary
first step in the aneurysm pathogenesis.!?>%¢ In
response to increased wall stress, endothelial cells
undergo not only morphological, but also functional
changes, in which they upregulate production of
pro-inflammatory signals (cytokines, interleukins such
as interleukin-1f [IL-1p], leukocyte chemoattractants)
as well as matrix metalloproteinases (MMPs),?”!
resulting in recruitment of inflammatory cells and
MMP-mediated enzymatic remodeling of the vessel
wall. In addition, disruption of the IEL, which may
initially be in the form of shear stress-induced
tears, is a characteristic histopathological feature
of saccular aneurysms./®? As the IEL is damaged,
the hemodynamic environment becomes turbulent
within the lumen of the nascent aneurysm, leading
to further endothelial damage and eventually
de-endothelialization within the luminal surface of
the aneurysm.?*?® This hemodynamic environment,
in concert with the exposed subendothelial matrix,
promotes formation of intraluminal thrombi which
consist of layers of platelets, red blood cells,
lipid-laden macrophages, and other leukocytes leading
to increased oxidative stress, inflammation, and
further cell death.[**2%% The subsequent inflammatory
response within the damaged vessel wall consists
of leukocytic infiltration with macrophages, T-cells,
and mast cells, and is found in both ruptured and
unruptured aneurysms.®1%2131-31 Thig inflammatory
response results in progressive disorganization and
loss of SMC and extracellular matrix (ECM) from
the media and open and stretched collagen in the
adventitia.®

Hemodynamic and environmental factors both
contribute to phenotypic modulation and eventually
damage of and death to SMCs.*! Initially, SMCs adapt
to hemodynamic stress by migrating from the tunica
media into the intima to form myointimal hyperplasia.
However, in response to local signals, they also become
a secretory, pro-inflammatory cell type characterized by
upregulation of necrosis factor-«B signaling, increased
production of MMP, IL-18, tumor necrosis factor-a, and
initiation of pathways leading to SMC apoptosis.**% As
SMCs are largely responsible for the production of the
ECM, ™! their apoptosis results in decreased synthesis
of the new matrix, which exacerbates the effects of the
overabundant MMPs and further weakens the vessel
wall. MMPs are also produced by macrophages, 24!
which play a large role in neuroinflammation, and
in intracranial aneurysms there is downregulation of
tissue inhibitors of MMPs2#4 and up-regulation of
proteolytic cathepsins.®

In effect, the key processes believed to be responsible
for weakening of the vessel wall, and potential
subsequent rupture, include enzymatic degradation
of the ECM, progressive loss of SMCs, and also the
decreased synthesis of new collagen fibers.** The
result is a chronic state of remodeling and inflammation
that ultimately results in critical weakening of the
vessel wall that is progressively less capable of
withstanding hemodynamic stress, thus leading to
growth and potentially rupture of the aneurysm.!?"
Inflammation causing enzymatic remodeling of the
vascular ECM is a shared pathological mechanism
also seen in several other vascular diseases including
atherosclerosis, abdominal aortic aneurysms, and
arteritides.!*®#®! Atherosclerosis is itself a common
feature in saccular intracranial aneurysms and as
in abdominal aortic aneurysms, is associated with
aneurysmal progression and likelihood of rupture.®
The contribution of atherosclerosis and patient risk
factors, including hypertension and smoking are similar
to its contribution to abdominal aortic aneurysms.“®!

Although the acute mechanism of aneurysm rupture
has yet to be fully elucidated, there are several key
factors that play a role. Clinically, a major predictor of
rupture is increased diameter > 7 mm, above which the
5-year risk of rupture increases from 2.6% for 12 mm
to 40% for 25 mm."“" In addition, using patient-specific
computation flow dynamics analyses, it has been
shown that small size of the impingement region
within the aneurysm, unsteady flow dynamics, and
concentrated inflow jet are all associated with rupture
of the aneurysm.!'*5°51 However, repeated studies have
shown that a higher degree of inflammatory infiltration
is associated with aneurysm wall degradation and
subsequent higher risk of rupture.*®315251 OQwing to
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the highly effective and quickly-amplified nature
of the activated complement cascade, the acute
pathogenesis of aneurysm rupture is of particular
interest. Understanding the role of complement in this
mechanism as well as the chronic processes responsible
for aneurysm development is invaluable for future
clinical endeavors.

FUNCTION OF THE COMPLEMENT SYSTEM

The complement system, a network of approximately
30 plasma and membrane-associated proteins, is a
major mediator of innate immunity, functioning in
cell lysis (e.g. lysis of microbes, virus-infected cells,
tumor cells), inflammation, cell signaling, chemotaxis,
opsonization, and vascular effects.’**”! In addition,
complement facilitates the adaptive immune response
by functioning in antigen presentation, immunologic
memory, and costimulation of B-cells via antigen
receptors. The presentation of “nonself” or damaged
cells leads to a cascade of events that result in the
destruction of the microbes or targeted cells and
subsequent inflammation. The cascade is catalyzed by
complement components (many of which are proteases)
that circulate in inactive forms (zymogens) until they
are activated by several mechanisms.*"! Excessive
complement activation, however, damages healthy
tissue, and is implicated in a variety of central nervous
system conditions (SAH, intracerebral hemorrhage,
ischemic stroke, ischemia-reperfusion injury, and
multiple sclerosis®®%) as well as myocardial infarctions
and asthma.®% In SAH in particular, complement
activation has been associated with poorer functional
outcomes and even vasospasm./60:65-67]

Dysregulation of any of the above processes,
deficiencies in the complement proteins, and activation
by various molecules can lead to a pathological over-or
under-activation of the complement system. These
complement disorders [Table 1] include paroxysmal
nocturnal hemoglobulinuria (PNH), hereditary
angioedema, and atypical hemolytic uremic syndrome.

In PNH, for example, decreased expression of the
complement regulators CD55 and CD59 allows for
complement-mediated lysis of red blood cells in
a predominantly intravascular hemolysis.[*0:58
Anticomplement therapy already exists to treat many of
these conditions that directly result from complement
dysregulation. These include a complement component-1
(C1)-inhibitor concentrate (which inactivates C1r and
C1s and mannose-binding lectin (MBL)-associated
protein 2 (MASP 2) and is approved to treat hereditary
angioedemal®®”%), as well as eculizumab (a monoclonal
antibody approved for PNH and atypical hemolytic
uremic syndrome!”). Anticomplement therapy may
also attenuate the damage from ischemia-reperfusion
injury.”274

CLASSICAL, LECTIN, AND ALTERNATIVE
PATHWAYS

There are three recognized pathways of complement
system activation: the classical, lectin, and alternative
pathways [Figure 1]. The common point of each pathway
is the formation of a C3 convertase, which activates
C3 by cleaving it into C3b and C3a.””! C3 activation
serves as a nidus for amplification of the complement
response. All three pathways eventually form C5
convertases that cleave C5 into C5a and C5b, after
which the C5b fragment initiates assembly of C6, C7,
C8, and C9 into the membrane attack complex (MAC;
also known as the terminal complement cascade, or
C5b-9) which lyses the cell by forming a pore in the
lipid bilayer.”!

The classical pathway is primarily activated by
antigen-antibody complexes. After binding to an
antigen, the Fc region of the antibody (typically IgM
or IgG) undergoes a conformational change that allows
it to bind to the C1q subunit of C1, a multimer that
also contains C1r and C1s subunits. The C1s subunit
then cleaves C4 and C2, and then two of the products,
C4b and C2a, associate to form the C3-convertase,
C4bC2a. C4bC2a also serves as the C3 convertase in

Membrane Alternative
attack complex pathway

Classic pathway

Control proteins Others

C1q deficiency
C1r/C1s deficiency

C5-9 deficiency

C4 deficiency

C2 deficiency

C3 deficiency

Scleroderma

Immunoglobulin A
nephropathy
Henoch-Schonlein purpura
Membranous nephropathy
Systemic lupus erythematosus

Factor B deficiency
Factor D deficiency

Factor | deficiency
Factor H deficiency

Serosal protease deficiency
Mannose binding lectin
deficiency

C4 binding protein deficiency

C1 inhibitor protein deficiency

Complement receptor 1-3 deficiency

Paroxysmal noctural hemoglobinuria

Leukocyte adhesion deficiency

syndrome

Hereditary angioedema

Age-related macular degeneration
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Figure 1: The three pathways of the complement cascade

the lectin (mannose-binding) pathway, a complement
pathway triggered when MBL or Ficolin bind to
terminal mannose groups on the surfaces of microbes.
This binding allows MBL to associate with circulating
MASPs, which then cleave C4 and C2 to form the
C4bC2a C3 convertase.®’”! In both the classical and
lectin pathways, C3b may then bind to C4b2a to form
the C5 convertase, C4b2a3b. This is different from the
C5 convertase in the alternative pathway, where C2
and C4 do not play a major role.

The alternative pathway is triggered by carbohydrates
or proteins found on self and nonself surfaces.!'” In
the plasma, C3 is spontaneously hydrolyzed (but not
cleaved) at a low rate to form iC3, which is amplified
in the environment near pathogens due to these
carbohydrates or proteins. iC3 binds to Factor B, which
Factor D then cleaves into to Bb and Ba, producing the
fluid-phase C3 convertase (iC3Bb). The fluid-phase
C3 convertase cleaves C3 to C3a and C3b, creating
sufficient C3b to bind with Bb and form C3bBb, which,
when stabilized by Properdin on a microbial surface,
acts as the principal C3 convertase of the alternative
complement pathway. The “alternative” C3 convertase
C3bBb may then associate with an additional C3b
to form the C5 convertase, C3bBbC3b.”® The C5
convertases from any of the three pathways may
then facilitate the assembly of the MAC. In addition,
several of the cleavage byproducts, chiefly, C3a and
C5a, known as anaphylatoxins, initiate a cascade of
signals which induces leukocyte chemotaxis,®” the
effects of which include degranulation and resulting
smooth muscle contraction and increased vascular
permeability.l*5% Cleavage products of C3 also cause

a parallel pathway of direct cerebral injury via iron
toxicity.l7879

A link exists between the complement and coagulation
cascades, as kallikrein and thrombin may also cleave C3
and C5.1%81 In addition, C-reactive protein (CRP) may
eitheractivate complementbyrecruiting C1qtothesurface
of damaged cells or regulate the cascade by recruiting
complement inhibitors.®?#¥ Cholesterol-containing
lipids and enzymatically-modified or oxidized LDLs
in atherosclerosis can activate complement via C1,#4%7!
and these also play arole in the pathogenesis of coronary
atherosclerotic plaques.®®

MODULATORS OF THE COMPLEMENT SYSTEM

The complement system is highly regulated by
activators and inhibitors so as to confine the
destructive mechanisms of the complement system
to nonhost surfaces while protecting the healthy
tissue, and alteration of these modulators plays a
role in a variety of disease processes.” As noted the
alternative pathway C3 convertase (C3bBDb) is stabilized
on the microbial cell surface by Properdin,®! which
is released by a variety of leukocytes,!**? some of
which, as mentioned, are present in aneurysm walls.
In addition to microbial surfaces, Properdin can also
bind to apoptotic and necrotic cells and facilitate a
complement response.® Regulators of complement
activation inhibit the complement system at two
predominant steps: either at the level of convertases,
or in the assembly of the MAC."5”% Factor I acts at the
convertase level by cleaving C3b into its inactive form,
iC3b, which is unable to form an active C3 convertase
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with Bb. This process achieves specificity to protecting
host cells from complement activation because it
requires the host membrane-bound cofactors including
complement receptor-1 (CR-1) and membrane-cofactor
protein (MCP).77%:9491 CR-1 in particular is a potent
inhibitor of the classical and alternative pathways, and
also plays a role in clearing immune complexes and
antigen presentation to B-cells.'*%”! Other inhibitors
at the convertase level include decay accelerating
factor (DAF), which inhibits assembly of C3 convertases,
and Factor H, which serves as a cofactor for factor I and
DAF. Inhibitors of assembly of the MAC include CD59,
vitronectin, and S-protein.%9:97]

ROLE OF COMPLEMENT IN ANEURYSMS

There has been a growing interest in the role that
complement plays in the pathogenesis of cerebral
aneurysms, which has paralleled similar work done
with aortic aneurysms.”%% Much of the esteemed
work has been done by the Neurosurgery Research
Group at the Helsinki University Central Hospital,
Helsinki, Finland, and has taken the research model of
previous studies which have examined ruptured versus
unruptured aneurysms.? The studies have largely
been done by standard immunohistological localization
of complement in aneurysm tissue samples taken
intraoperatively immediately after aneurysm clipping.

The first study to demonstrate complement deposition
in aneurysm walls was by Chyatte et al.,[*® who
compared 25 aneurysm samples taken during
microsurgical repair to 11 control samples from basilar
arteries taken at autopsy. Compared to the basilar
samples, they found significantly more deposition of
immunoreactive C9 and C3c (a breakdown product of
C3), and both C3c and C9 were deposited throughout
the aneurysm wall, often diffusely. They also found
increased presence of immunoglobulins (IgG and
IgM) and leukocytes (CD68 macrophages and
T-lymphocytes). Due to the deposition of earlier (C3c)
as well as terminal complement products (C9), the
authors concluded that complement activation, in
concert with other inflammatory mediators, played a
role in the pathogenesis of aneurysms.

In a 2006 study, Tulamo et al.'® investigated the
role of the MAC in aneurysm rupture by comparing
samples from 26 unruptured to 32 ruptured samples.
Using a monoclonal mouse antibody to stain the
C5b-9 complex (MAC), the authors found that the
immunostaining for the MAC was approximately twice as
dense in ruptured versus unruptured samples (median:
39% vs. 20%, P < 0.001, respectively). A greater
concentration of MAC was also significantly associated
with structural pathology of the aneurysmal wall

including wall degeneration, de-endothelialization,
and degenerative change of the outer wall, as well as
infiltrates of CD163+ macrophages and T-lymphocytes.
Together, these results suggested a role for activated
complement in saccular aneurysm degeneration and
rupture.

Using a similar experimental model as their first study,
Tulamo et al.’®* then sought to determine, which
complement pathway was involved in aneurysm rupture
by staining for complement components specific to
the alternative and classical pathways, as well as their
potential activators. It was found that components of the
classical pathway, C1q and C4b/iC4b, as well as the MAC
and C3b/iC3b and C3d, were present in significantly
greater concentrations and were more widely distributed
in ruptured versus unruptured aneurysms, and
specifically the staining tended to localize along the
ECM in a band-like pattern in the outer aneurysm wall.
In a smaller, separate sample of unruptured aneurysms,
the authors reported heavy immunostaining for CRP,
MAC, oxidized LDL, and IgG, which was increased in
concentration from the lumen-to-adventitia direction.
Of note, however, although the authors report that
tissue form human tonsils was used as a positive
control (presumably due to the dense immune elements),
they did not have separate, nonaneurysmal tissue that
served as a negative control. Tulamo et al.®¥ concluded
that these findings most likely represented activation of
the classical pathway, due to the presence of its potential
activators (including IgG, oxidized LDL, and CRP) and
C1q deposition, which is specific to the classical pathway.
The alternative pathway was less likely to play a role
because there was little staining of the specific marker,
Properdin. They suggested these immunoglobulins and
complement components leak out and accumulated in
the aneurysmal wall due to endothelial dysfunction and
impaired clearance mechanisms.

A third similar study by Tulamo et al.'*! found that
deposition of the MAC was greater in the outer wall than
in the lumen of ruptured compared with unruptured
aneurysms. This was associated with increased
deposition of the complement inhibitors, including
the Factor H polymorphic variant Y402H (associated
with age-related macular degeneration'*?), C4b binding
protein, and protectin (CD59, a MAC inhibitor);
however, the outer wall lacked inhibitors, especially
protectin. Other inhibitors, such as MCP and DAF,
were only sparsely expressed by adventitial mural
cells. The authors suggested that the increased MAC
activity in the outer wall may be the result of decreased
complement inhibitors in that region, and that the outer
wall’s decreased ability to inhibit the complement
cascade may facilitate eventual rupture. However,
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judging from the finding of their second study, in
which IgG was more densely deposited towards the
outer aneurysm wall, it is unclear whether this graded
IgG concentration could be the primary factor in the
greater MAC activity in the outer wall.

Studies on genetic expression profiles have also
identified the role of complement-related genes in
aneurysmal tissue. In a small study,* which compared
aneurysm samples to control superficial temporal artery
tissue, there was upregulated expression of three genes
for C1q, the deposition of which was found in the
aforementioned study by Tulamo et al.,® as well as
those for complement Factor D, Factor H, Factor B, and
C3a. The authors pointed out that these alterations
in the expression profile of these genes represent a
change in equilibrium of the complement system in the
perianeurysmal environment. There has also been an
animal study by Aoki et al.,"*" in which the investigators
used a DNA microarray to compare intimal and medial
gene expression in cerebral aneurysms versus normal
cerebral arteries. It was found that in the media there was
upregulation of Factor H and C4 expression, although
downregulation of C3 and C6. By contrast, C3 and C6
were upregulated in the intima. The authors argue that
their differing results from the initial study by Tulamo
et al.,"* may be explained by different regulation of
complement mRNA expression between the endothelial
cells and the SMCs in cerebral aneurysms.

Although the genetic and histopathological studies
mentioned were no doubt pioneering, there are certain
points of discussion. Among the studies assessing the
role of the complement in aneurysms, the experimental
design often differed significantly. In general, the study
sizes were small, although this is what would be expected
given the limits of intraoperative sample collection. In
addition, one study was an animal model.!"**! Whereas
some of the studies compared aneurysmal tissue to
control samples (such as the superficial temporal
artery),l*3103.104 the three studies by Tulamo et al.[64100:101]
only compared ruptured to unruptured aneurysms. In
effect, although several studies provide compelling
evidence that there is more complement deposition and
activation in aneurysms than in healthy cerebrovascular
tissue, those by Tulamo et al.®*1°1%1 generally cannot
make this comparison since these studies lacked controls
from nonaneurysmal vascular tissue.

In general, the method of specimen collection involved
taking a sample of aneurysm tissue, intraoperatively, that
was distal to the placement of a surgical clip and then
running immunhistological analyses. There is a possibility,
therefore, that the pathology of the sample and/or its
immunological characteristics may have changed between
the time that the sample was collected and analyzed. This

time period varied widely among and within studies,
including one of the studies in which samples varied from
4 hto 47 days."""' However, although this is a consideration
for judging the quality of the immunologically analyzed
specimens, they were generally flash-frozen in liquid
nitrogen so as to minimize degradation and preserve
their immunohistological staining characteristics. In
addition, the aneurysm samples represent patients
requiring surgical, but not endovascular intervention,
which imparts a selection bias to patients with certain
clinical and aneurysmal morphological characteristics.
The results of the Tulamo studies from Finland may also
have limitations in their external validity because Finland
represents a relatively homogenous population, and the
prevalence of intracranial aneurysms is twice as high as
other comparable countries.™

A larger issue with interpreting the results of the
analyses, in which authors have attributed the aneurysm
pathogenesis to complement activation, are confounding
causes of the observed immunohistological properties of
aneurysm tissue. In several of the human studies there
were statistically significant differences in the proportions
of patients with characteristics known to affect aneurysm
pathology (including smoking history, hypertension,
and family history of aneurysms) as well as differences
in the gross aneurysm morphology. Furthermore, it is
unclear whether the increased complement activation
in ruptured compared with unruptured samples (as
was reported in the studies by Tulamo et al.[8+100.101)
contributed to the acute mechanism of rupture, or
whether the resulting rupture and SAH hemorrhage
occurred for other reasons (i.e. hemodynamic factors,
etc.) and then initiated a secondary complement and
inflammatory response as a result of the injury. Indeed,
as mentioned, there is evidence that the complement
system is upregulated in patients with SAH.[6065661 In
response to this concern, Tulamo et al.l¥*100101 have
argued that the increased density of macrophage
infiltration in ruptured versus unruptured aneurysms
argues for a more chronic inflammatory process, as dense
accumulation of macrophages typically occurs over days
to weeks following an acute injury. In addition, they
point out that although less concentrated, complement
deposits were found in unruptured aneurysms. Their
argument is also supported by the numerous animal and
human studies that have shown inflammatory infiltrate
in aneurysms that have not ruptured.?**22¢%7 Tulamo
et al.B+100101 gyggest that the hemorrhagic insult and
physical factors may have contributed to complement
activation but that more studies will be needed.

CONCLUSION

There is mounting evidence that the complement cascade
plays arole in the chronic as well as acute inflammation
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that has been associated with aneurysm formation,
growth, and rupture. In effect, the physicochemical
stress that occurs in intracranial arteries may lead to
exposure and deposition of complement-activating
factors in the aneurysm wall, which later predispose
it to rupture. Specifically, assembly of MACs in the
outer aneurysmal wall may be involved in the acute
mechanism of rupture. Future, multicenter studies
will need to compare a large number of aneurysmal
samples to appropriate controls so that the aneurysm
pathophysiology may be better understood. Furthermore,
the complement cascade may provide a target for future
therapies in the treatment of aneurysms and SAH.
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