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1 | INTRODUCTION

Abstract

Background: Intracranial aneurysm (IA) is a disease of the vascular wall result-
ing in abnormal enlargement of the vessel lumen. It is a common pathology with
a prevalence of 2%-3% in the adult population. IAs are mostly small, quiescent
and asymptomatic; yet, upon rupture, severe brain damage or even death is fre-
quently encountered. In addition to clinical factors, hemodynamic forces, mainly
wall shear stress (WSS), have been associated with the initiation of IAs and possi-
bly with their risk of rupture. However, the mechanism by which WSS contributes
to aneurysm growth and rupture is not completely understood.

Design: PubMed and Ovid MEDLINE databases were searched. In addition, key
review articles were screened for relevant original publications.

Results: Current knowledge about the relation between WSS and IA has been
obtained from both computational fluid dynamic studies in patients and experi-
mental models of A formation and growth. It is increasingly recognized that a
high wall shear stress (gradient) participates to IA formation and that both low
and high WSS can drive IA growth. Primary cilia (PC) play an important role as
mechanosensors as patients with polycystic kidney disease, which is characterized
by the absence or dysfunction of PC, have increased risk to develop [As as well
as increased risk of rupture.

Conclusion: Wall shear stress is a key player in IA initiation and progression. It
is involved in vascular wall remodelling and inflammation, processes underlying

aneurysm pathophysiology.
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increasing screening with modern imaging modalities. The
prevalence of 1A in the adult population is between 2% and

Intracranial aneurysm (IA) is a disease of brain arteries,
which results in 90% of cases in a balloon-like enlargement
of the vessel lumen, whereas the other 10% account for
fusiform, dissecting and mycotic aneurysms." When the
aneurysm ruptures, it causes bleeding in the subarachnoid
space leading to severe disabilities or even death of the
patient. Despite the fact that most IAs are asymptomatic,
there is a growing number of IA detected as a result of

3%” and the risk of rupture has been estimated between
0.3% and 15% per 5 years.” There is no medical treatment
to prevent the unruptured IA from rupturing, and currently,
this can be performed only with endovascular or open
microsurgical occlusion of the aneurysm. However, surgical
clipping or endovascular coiling is associated with 6.7%*
and 4.8%° unfavourable outcomes, respectively. Given the
high risk of complications, it is essential to identify IAs
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prone to rupture and to evaluate the balance between risk
and benefit of treatment. Individual patient's characteristics,
such as gender, age, familial history, hypertension and
autosomal dominant polycystic kidney disease (ADPKD)
as well as aneurysm dome characteristics, such as size,
location, and shape irregularities, may be conjointly used
for this purpose. Indeed, prediction tools for IA growth
and/or rupture such as PHASES.® UIATS’ and ELAPSS®
scores have been developed based on these risk factors to
help for decision-making onto treatment of unruptured IAs.
Even if these tests are easily applicable and correlate well
with the severity of the disease, they have numerous limita-
tions and thus need more validation.®® For instance, aneur-
ysm size remains a major criterion for treatment as it is
assumed that large IAs are at higher risk for rupture than
small IAs. However, small IAs with regular shape may also
rupture.'® Therefore, it has been suggested that growing
aneurysms independently of their size are more likely to
rupture.'"'? Hence, more factors signifying the biological
processes leading to growth and rupture should be consid-
ered for decisions onto treatment of unruptured IAs.
Indeed, there is increasing evidence showing that hemody-
namic forces exerted on the vessel wall by the flowing
blood may induce vascular remodelling leading to IA for-
mation, growth and rupture.'®'*** Hemodynamic forces
may thus be considered as additional prediction factors for
IA outcome.'*?! In this review, we will focus on the influ-
ence of hemodynamic forces on IA pathogenesis as well as
on mechanoreceptors and intracellular signalling pathways
that mediate vascular wall remodelling.

2 | BIOMECHANICAL FORCES
ACTING ON THE ARTERIAL WALL

The viscous and pulsatile nature of blood flow exposes
arteries to different mechanical forces, such as the wall
shear stress (WSS). The WSS represents the drag force per
unit area imposed by the flowing blood on the vessel wall,
parallel to the flow direction. In the healthy human aorta,
WSS forces range between 10 and 20 dynes/cm? (1 Pa = 1
N/m? = 10 dynes/cm?)** and this value slightly increases
in arteries with smaller diameters like cerebral arteries.”
The WSS can be calculated using the Hagen-Poiseuille for-
mula: 7 = 4pQ/n:r3, where 7 is the shear stress, p is the
blood viscosity, Q is the volumetric flow rate, and r is the
lumen radius.** Using this formula implies that the vessel
is a straight, uniform and stiff tube; and that blood is an
incompressible Newtonian fluid (constant viscosity) and
that flow is constant and laminar. These compromises are
acceptable for WSS measurement in large and straight
arteries where blood flow approximates Newtonian fluid
behaviour.”* However, in reality, blood flow is unsteady

and indeed a non-Newtonian fluid. Moreover, the arterial
system is a network of branched and curved vessels where
blood flow patterns become complex due to flow separa-
tion and reversal, and to spatial and temporal variations.
Thus, WSS calculation should include additional parame-
ters among which the Reynolds number (Re) describing the
ratio between inertial and viscous forces and representing
the stability of the flow; the Womersley number () that is
the expression of the pulsatile flow frequency in relation to
viscous effects; the Dean number (Dn) depicting the effect
of curvature of a vessel on the flow profile.”> The WSS
complex calculation in the circle of Willis can thus be
achieved using computational fluid dynamics (CFD).?¢
The pulse pressure variation of the blood flow induces the
stretching of the vascular wall. Indeed, during the systole,
the aorta undergoes approximately 10% circumferential
stretch and this value decreases to approximately 5% in
peripheral arteries.”® This mechanical distension of the ves-
sel is referred as cyclic circumferential stretch (CCS).
Endothelial cells (ECs) sense finely the WSS while effects
of CCS are typically studied in both ECs and smooth mus-
cle cells (SMCs).?® Under normal range of flow/pressure,
vascular cells respond through mechanoreceptors by trig-
gering and releasing biochemical signals, which maintain
the physiological function of blood vessels. Pathological
conditions, instead, would trigger degenerative remodelling
leading to an instable artery wall. This wall instability may
favour aneurysm initiation, growth and rupture. While the
WSS is known to have a critical role in IA disease, the
influence of CCS still needs to be clarified and will not be
discussed in this review.

3 | LOCALIZATION OF IAS

Intracranial aneurysms appear mainly at or near bifurca-
tions in the circle of Willis, which is a circle of communi-
cating brain arteries. Blood is supplied to the brain
principally through two internal carotid arteries and two
vertebral arteries. The internal carotid arteries irrigate prin-
cipally the cerebrum whereas the vertebral arteries join to
form the basilar artery that irrigates the rest of the brain
and part of the cerebrum. The internal carotid arteries and
the basilar artery are connected through the circle of Willis.
In humans, this circle is formed mainly by the anterior
cerebral arteries, anterior and posterior communicating
arteries and posterior cerebral arteries (Figure 1). The ring-
like structure of the circle of Willis provides a collateral
circulation of blood, allowing the irrigation of the brain in
case of artery occlusion or absence. However, this peculiar
arterial network is exposed to a unique hemodynamic pat-
tern comprising impinging, converging, dividing, swirling
and secondary flow.?%30 Hence, anatomical variation in the
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circle of Willis such as hypoplasia or absence of an arterial
segment would affect hemodynamic parameters, which
may lead to cerebrovascular disease. Indeed, abnormal cir-
cle of Willis has been associated with high risk of IA
development®' and rupture,®> which may be the resultant
of abnormal WSS.>*** As approximately 40% of the

FIGURE 1 Angiographic image of a human circle of Willis.
Indicated are vertebral arteries (VA), right (R) and left (L), basilar
artery (BA), internal carotid arteries (ICA R, ICA L), posterior
cerebral arteries (PCA R, PCA L), anterior cerebral arteries (ACA R,
ACA L), middle cerebral arteries (MCA R, MCA L), posterior
communicating artery (Pcom) and anterior communicating artery
(Acom)

population has an incomplete circle of Willis, it suggests
that even if hemodynamic factors are key players in IA
development, other additive factors might be required.**>’

4 | PATHOGENESIS OF IAS

The wall of large arteries is composed of three main layers:
the tfunica intima that is the innermost layer consisting of
the endothelium and the supportive basement membrane;
this is followed towards the exterior side by a SMC layer
with elastin and collagen fibers forming together the funica
media; the last layer is the funica adventitia, which is the
outer connective tissue (mostly composed of collagen fibers
and fibroblasts). Depending on the artery size, the funica
media is outlined either by an internal elastic lamina (IEL)
separating the media from the intima, and/or an external
elastic lamina (EEL) separating the media from the adventi-
tia. The role of the elastic lamina is to accommodate blood
volume fluctuations. Cerebral arteries have a well-devel-
oped IEL but lack the EEL (Figure 2A). Moreover, the low
amount of connective tissue within subarachnoid space
together with the thin media and adventitia of cerebral
arteries make them more susceptible to hemodynamic
forces and at risk to develop aneurysms.*® Histologically,
the aneurysmal wall composition and organization are quite
different from the ones of a healthy cerebral artery (Fig-
ure 2A-D). The first histological alteration of cerebral arter-
ies leading to IA formation is the destruction of the
IEL.?"¥73% Although the histological evolution between a
healthy cerebral artery to the different steps of IA growth
and rupture is not completely known, several studies have
shown that the lack of IEL is associated with erosion of
luminal endothelium, infiltration of inflammatory cells, loss
of SMCs, destruction of the extracellular matrix (ECM),

A

FIGURE 2 Histological images of a
human temporal artery (A and B) and
human intracranial aneurysm (IA; C and
D). Paraffin sections were stained for
Victoria blue (A and C, elastin in blue) or
alpha smooth muscle actin (B and D, o

Adven'_titié[-. =

smooth muscle cells [SMCs] in brown). For
experimental details, we refer to Morel

et al.** The healthy artery has a well-
defined internal elastic lamina (IEL) and
media with organized SMCs. The IEL is *
absent in the IA dome and the medial layer
shows disorganized SMCs. Scale

bars = 100 um. Asterisk indicates the

arterial lumen
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activation of the innate immunity, calcification and/or lipid
accumulation.’™** Frosen et al’® have classified the TA wall
in 4 groups using the following parameters: (a) endothelial-
ized wall with linearly organized SMCs; (b) thickened wall
with disorganized SMCs; (c) hypocellular wall with either
intimal hyperplasia or organizing luminal thrombosis; (d)
an extremely thin thrombosis-lined hypocellular wall.
Based on this classification, it has been shown in Finnish>®
and Swiss** cohorts of patients affected by IA that ruptured
aneurysmal domes are in vast majority histologically char-
acterized by hypocellular and/or very thin vascular walls
and luminal thrombosis (grades ¢ and d). In contrast,
unruptured IAs contain ECs and/or a thickened media with
SMCs (grades a and b). From these studies, one may
hypothesize that loss of SMCs would make the TA wall
susceptible for rupture. In consequence, aneurysmal SMC
content may then serve as a marker for IA stability.

5 | WSS AND IA DEVELOPMENT

5.1 | The role of WSS on vascular function

Unidirectional laminar high WSS (HWSS) experienced by
ECs in straight part of the arterial tree is assigned as physi-
ological flow as it promotes a quiescent and cytoprotective
state: ECs are aligned in the direction of the flow, and
anti-inflammatory and antithrombotic gene expression is
induced by the transcription factors KLF2, KLF4 and
Nrf2.% Altered blood flow inducing sustained supraphysio-
logical (high) WSS (SWSS) or low WSS (LWSS) may
induce EC dysfunction and damage of the vascular wall
through different mechanisms.*> Oscillatory wall shear
stress (OWSS) representing reversal of the blood flow
direction can exacerbate the endothelium dysfunction.

Low WSS-mediated EC dysfunction is associated with
an altered morphology of ECs (cobblestone instead of elon-
gated shape), a high turnover, increased permeability and
migration.”>*® LWSS is also known to generate oxidative
stress, through enhanced superoxide production, resulting
in impaired eNOS/COX-2 activity and consequently
reduced NO/PGI, bioavailability.”****” This is followed
by an increased expression of vascular cell adhesion and
chemotactic molecules on the surface of ECs, promoting
thereby an inflammatory and pro-thrombotic environ-
ment.*”** Moreover, inflammatory cell recruitment and
transmigration through the endothelium can drive vessel
wall degeneration by metalloproteinase (MMP) production
and activity.*’

Supraphysiological wall shear stress regions have been
shown to correlate with reduced eNOS expression in ECs
and the induction of iNOS in SMCs. The excessive NO
production by iNOS can increase peroxynitrite synthesis
leading to cell apoptosis and MMP activation.”® Moreover,

an increased MMP2 and MMP9 expression was observed
in areas of SWSS compared to physiological HWSS
regions, conjointly with reduced proliferation rate and loss
of SMCs.”® The loss of ECs may be explained by the dis-
appearance of eNOS, which has been linked to loss of
intercellular contacts. In addition, apoptotic, reorienting and
dividing ECs can also be lost by mechanical detachment.
Dolan et al’! showed that, in vitro, SWSS leads to
impaired alignment and high turnover of ECs. Furthermore,
transcriptional profiles of ECs exposed to SWSS confirmed
the active remodelling process through matrix degradation
and re-synthesis. An exacerbation of this phenotype is
observed when SWSS is combined with a steep increasing
WSS gradient (WSSG).

5.2 | IA initiation

Analysis of cerebral arteries from autopsy and IA animal
models allowed characterizing the early changes in the nas-
cent aneurysm. The aneurysm wall is commonly described
having a disrupted IEL, a media thinning and a bulge for-
mation.”’”%%? The aetiology of IAs has been subject of
debate for a long time, with postulation of different theo-
ries. The first theory proposed a congenital cause, whereas
the second theory assumed that IAs are acquired lesions
during lifetime with hemodynamic factors playing an
important role.® Indeed, the preferential location of the
aneurysm at arterial bifurcations exhibiting a specific flow
pattern suggested an implication of hemodynamics in the
initiation of aneurysm formation. Meng et al*’ sought to
understand how ‘“an hemodynamic insult” could lead to a
maladaptive remodelling of the vessel wall. Using CFD,
they discriminated three regions at arterial bifurcations with
different blood flow patterns: the impingement zone, where
blood from the parent artery hits the apex of the bifurcation
and creates a stagnation point before accelerating into the
branches (WSS < 20 dynes/cm?; velocity < 0.05 m/s; posi-
tive WSSG); the acceleration region, where blood flow
continues to accelerate until the maximum velocity
(WSS > 20 dynes/cm®, high positive WSSG); and the
recovery region where the velocity of blood reaches the
maximum and starts to decelerate until the physiological
level of WSS ~20 dynes/cm” (negative WSSG). By map-
ping CFD with histological analysis of the arterial bifurca-
tion, they reported early changes resembling IA initiation
in regions submitted to SWSS and positive WSSG.?” These
findings were supported by further studies indicating that
aneurysmal remodelling occurs only when hemodynamic
forces go beyond a certain threshold (WSS >
1.22 x 10° dynes/cm”® and WSSG > 530 Pa/mm) in their
rabbit model.”? Although these results help to understand
the role of hemodynamic forces in IA initiation, the study
of Meng et al was performed on an artificial extracranial
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bifurcation in a low number of animals and needs further
confirmation in other preferably intracranial animal models.
Furthermore, the provided hemodynamic threshold values
only stand for rabbit and may differ in human where the
vessel diameter is different and numerous confounding fac-
tors would affect IA development, such as inherited risk
factors and habits. However, the concept of WSS threshold
could explain why IAs develop more frequently at certain
bifurcations and individuals than others. Each arterial bifur-
cation has a specific flow pattern owed to the location, the
bifurcation angle, and the parent and daughters vessel size
making some more prone to reach the threshold. For exam-
ple, an already weakened wall caused by ageing, smoking,
hypertension and inherited diseases would have a lower tol-
erance to hemodynamic disturbances. Meta-analysis in
patients correlating hemodynamic forces and IA develop-
ment support the fact that IAs are triggered by SWSS and
positive WSSG.>*3

5.3 | IA growth and rupture

The exact mechanisms leading to IA growth and rupture are
not yet well understood. It is assumed that IA growth results
from a combination of vessel wall remodelling and wall dis-
tension, whereas rupture occurs when the wall is too weak
to resist to the tension induced by the blood pressure.>
There are conflicting results concerning the impact of
high or low WSS in aneurysm growth and rupture. CFD
analysis comparing ruptured and unruptured [As showed in
some studies that LWSS promotes IA growth and rup-
ture,”’m’lg’54 while others have shown that SWSS was
related to these events.'*'>>*>7 The discrepancy of results
regarding WSS demonstrates the challenge of understand-
ing TA pathology. Unfortunately, studies are usually per-
formed on limited sample numbers and the diversified
experimental design (eg, imaging tool, CFD boundaries
conditions) further enhances the inconsistency in the
results. It is also important to note that the correlation of
WSS with IA risk of rupture is generally performed on rup-
tured vs unruptured aneurysms.'*'> Knowing that the
shape of the aneurysm can change after the rupture, it
could impact on blood flow dynamics and resulting forces.
In addition, even though CFD analysis has gained power
over the years, there is still a need to improve the precision
of the method and to have more unified boundaries condi-
tions. However, the complexity and heterogeneity seen in
IA progression could also reflect the existence of several
mechanisms.*> Co-existence of the LWSS and the SWSS
theories has been proposed.”>® For example, small TAs
with a thin, smooth, hypocellular and translucent wall
would result from SWSS-driven degradation mechanisms,
whereas thick-walled large IAs with irregular surface would
result from LWSS-driven inflammatory  pathways.

WILEY-""

Intermediate TA phenotypes would result from an interplay
between low and high WSS pathways.>> In support of this
hypothesis, a relationship between WSS profile and IA
phenotype was demonstrated.”® To better clarify the role of
WSS in aneurysmal disease, we need to first understand
the interaction of the vessels with hemodynamic forces and
the biological processes mediating IA growth and rupture.

6 | ECS AND SHEAR STRESS
MECHANOTRANSDUCTION

The biological and phenotypic adaptation of ECs according
to the flow is likely due to their ability to sense the
microenvironment. The mechanism by which ECs sense
external forces applied to their surface and convert it into
intracellular biochemical responses is called mechanotrans-
duction. ECs respond to changes in WSS in a timeframe
ranging from seconds up to several minutes. The
responses involve numerous mechanosensors and signalling
molecules.?

6.1 | Mechanosensors of wall shear stress

The force transmission to the cell is mediated by several
cellular components (Figure 3). The plasma membrane
itself has been shown to be WSS sensitive. Remodelling of
the phospholipid bilayer can occur few seconds after onset
of shear stress with potential alteration of the protein orga-
nization and activity resulting in downstream activation of
signalling pathways.>® Several ion channels including K,
Na®, Ca2+, TRPV (transient receptor potential cation chan-
nel) and Piezo 1/2 channels mediate the endothelial
response to WSS. For instance, expressing K* channels
into Xenopus laevis oocytes turns them sensitive to shear
stress.®” The glycocalyx, a polycarbonate coat that covers
the cell membrane, is also regulated by the WSS. It has
been shown that knocking-down some core proteins of the
glycocalyx leads to a failing of WSS-induced eNOS and
cytoskeleton remodelling.®® Caveolae are cholesterol- and
sphingolipid-rich microdomains that contain high levels of
caveolin and cavin family proteins. Caveolae are cup-like
invaginations containing many receptors and signalling
molecules that may function as a signalling platform. The
flattening of these structures by WSS or stretch would acti-
vate caveolin and induce responses through ERK, Rho
GTPases, eNOS, Src family kinase and Akt activation.®’
Primary cilia (PC) are microtubule-based organelles that
protrude at the apical side of most differentiated cells (ie,
kidney, retina, liver epithelial cells, neuronal and vascular
cells) and have numerous functions (chemosensing,
mechanosensing, olfaction, photoreception). Their role in
WSS sensing and in aneurysm development has been well
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mechanosensors at the endothelial surface. The activation of
mechanosensors by shear stress triggers a cascade of signalling
pathways modulating gene expression and endothelial cell function

established in several studies®’®® (see section 6.3). Inte-

grins, the proteins connecting the cell to the ECM, can also
mediate WSS-induced responses. WSS induces activation
of integrins, which undergo conformational changes and
modulate their affinity for cytoskeleton or ECM proteins.
Adherens junction proteins, principally VE-cadherin, can
also transmit extracellular force. In association with
PECAM-1 and VEGFR2/3, VE-cadherin forms a
mechanoresponsive complex, which stimulation leads to acti-
vation of the pro-inflammatory NF-kB pathway.®® A central
core of WSS responsive elements is the cytoskeleton, whose
remodelling is part of the early changes induced by flow.
Indeed, the cytoskeleton binds to most of the sensors cited
above and therefore ties them together. This configuration
helps the transmission of a force applied locally at one site
of the membrane to a distant site allowing for an efficient
and complete adaptive response to stress.’® Finally, another
fundamental player in mechanotransduction is the nucleus.
Disruption of nucleus envelope proteins leads to impaired
mechanotransduction signalling. Even if the nucleus is not a
direct sensor of WSS, it establishes the link between force
transmission and biochemical signalling.®*

6.2 | Mechanosensing and intracellular
signalling

The activation of mechanosensors by WSS triggers a cas-
cade of signalling pathways and modulates genes expres-
sion. Physiological unidirectional laminar HWSS regulates
genes involved in vascular endothelial homoeostasis keep-
ing the endothelium in a quiescent, anti-inflammatory and
antithrombotic state. For example, under physiological
HWSS, eNOS expression is regulated by a delicate balance
between Akt phosphorylation-mediated activation®
PYK2-mediated repression.®® KLF2, which positively regu-
lates eNOS, has a sustained expression, involving the
ERKS5-MEF2 signalling cascade®” and miR-92a repression,
which is a negative regulator of KLF2.°® In addition, phys-
iological HWSS has a negative regulation of Ras GTPase/
MAPK kinases signalling, thus, repressing inflammatory
gene expression. Indeed, NO production inhibits PKC-¢
and ERK1/2 leading to the repression of MCP-1.%° In addi-
tion, AMPK/PARP-1/Bcl6 signalling inhibits VCAM-I,
MCP-1 and MCP-3 expression.70 Finally, physiological
HWSS sustains quiescence of ECs by activating genes that
promote growth arrest (GADD45, p21) and abrogate apop-
tosis via activation of signalling pathways involving super-
oxide dismutase and NO synthase.*?

In contrast, disturbed flow promotes pro-inflammatory
gene and adhesion protein expression as well as a high EC
turnover. LWSS triggers the expression of the pro-inflam-
matory transcription factor NF-kB through JNK1-ATF2
activity, and induction of NF-kB-positive regulators (TLR,
BMP, IKK2, ROS).*> MCP-1 and VCAM-1 activation by
OWSS is mediated by miR-21/PPARo/AP-1 signalling cas-
cade.”! OWSS also induces HDAC-3/5/7"* and NLRP3-
mediated inflammation.”® Furthermore, disturbed flow pro-
motes cell cycle progression via a sustained phosphoryla-
tion of Smadl/5 through integrin/BMP receptor association
and the FAK/ERK cascade. Apoptosis is also increased
through PKC-{, JNK-MAPK and p53 signalling.”
Enhanced proliferation and apoptosis are typical signs of
endothelium dysfunction.

Although many mechanosensors have been identified,
the exact mechanism by which the signal transduction
occurs in different flow conditions remains to be eluci-
dated. Mechanotransduction has a pivotal role in vascular
adaptation to a physiological range of flows. Disturbances
in this process would clearly lead to similar consequences
as pathological flow conditions. For example, defects in
PC have been demonstrated to inhibit Ca** influx and NO
synthesis in response to WSS. PC mutants are known to
develop pathologies such as polycystic kidney disease and
[As. The potential role of PC in IA disease has been
addressed in several studies.®*%*7+7°

and
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6.3 | Primary cilia: role in polycystic kidney
disease and IAs

The primary cilium, in contrast to motile cilia, exists in a
single structure at the cell surface and measures between 1
and 9 pm.”® A so-called “9 + 0” arrangement defines the
structure of its axoneme, where nine doublets of micro-
tubules organize in a circumferential way, and the central
part lacks the additional pair of microtubules, present in
motile cilia (9 + 2). PC have gained importance in biomed-
ical research as Pazour et al”’ revealed that the 7g737
gene, whose mutation leads to renal polycystic disease in
mice, encodes for a protein necessary for PC assembly.
Further studies clearly confirmed that ADPKD is a ciliopa-
thy. Indeed, ADPKD is a genetic disease caused by muta-
tions in PKDI (85%) or PKD2 (15%) genes leading to
loss-of-function of polycystin-1 (PC1) and polycystin-2
(PC2), respectively.”® PC1 and PC2 form a complex at the
ciliary membrane and mediate Ca®* influx into the cells.
The PC1 C-terminal tail can bind and activate heterotri-
meric G;/G,, but can also be cleaved and translocate into
the nucleus and activate transcription factors, processes that
are inhibited by interaction with PC2. PC2 functions as a
transient cation channel and needs PC1 for its correct local-
ization and activity.

Differences in cilium size, composition and morphology
between cell types or organs testify the versatility of PC
and their ability to recruit many different receptors to serve
specific functions inherent to each cell type or organ. PC
are involved in various cellular processes and the pathways
regulated by PC comprise Wnt, Src, INK, mTOR, JAK/
STAT signalling among others.”® In the vasculature, PC
preferentially locate at arterial regions experiencing low
flow and they have a critical role for EC structural integrity
62,79-81 Thus, a non-functional PC would
increase local injuries that can promote aneurysm formation
and growth.®® For instance, ADPKD patients show many
extra-renal manifestations such as hepatic cyst, hyperten-
sion, left ventricular hypertrophy, pericardial effusions, car-
diac valve abnormalities and IAs.*? The development of
TAs in ADPKD patients seems to results from PC impair-
ment in the vasculature rather than from kidney failure.
This is supported by the fact that 50% of ADPKD patients
who receive a successful kidney transplantation still
develop vascular complications® and that specific deple-
tion of PC on ECs promotes IA development in mice.®®
Subsequently, it has been shown that PC in the endothe-
lium are necessary for shear-induced Ca*" influx and NO
synthesis, events important for vascular contractility.”*">
PC can also mediate SMC recruitment by ECs through the
activation of Notch/foxclb signalling during the vascular
development.®’ Assuming that this process also occurs in
adult blood vessels, it might be relevant for vascular repair

and function.
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and remodelling notably in IAs. In addition, PC absence in
ECs has been associated with reduced level of hsp27 and
reduced focal adhesion kinase phosphorylation leading to
weaker stress fibers, impaired migration and reduced cellu-
lar barrier integrity.>® The affected junctional proteins in
this process still need to be unveiled. Indeed, loss of
endothelium integrity is commonly observed in IAs and is
a hallmark of wall instability as it promotes inflammatory
cell infiltration.®* In addition, PC absence has been associ-
ated with increases in inflammatory gene expression.
Finally, mouse and human ECs lacking PC have been
shown to be more sensitive to BMP-induced osteogenic
differentiation, as a result of f-catenin and transcription
factor Slug activation.®® Interestingly, calcification has been
reported in histological analyses of IAs as a marker of

3
adverse outcome.>’

7 | INTRACRANIAL ANEURYSM
EXPERIMENTAL MODEL

Conducting research on PC and IA development relies on a
representative and reproducible animal model. Even though
in vitro cell models help to understand the mechanistic
events, in vivo models provide integrative phenotypic clues
onto the disease and they are essential for the development
of diagnostic or therapeutic strategies. In Table 1, we have
made a comprehensive overview of some of the animal
models currently used to study the relationship between
WSS and IAs. In brief, IAs rarely occur spontaneously in
animals, therefore, induced IAs have been designed for
experimental studies. IA induction relies on the principle
that hemodynamic stress imposed on a fragile arterial wall
will induce an aneurysmal out-pouching of the wall.
Hemodynamic stress is frequently increased by the induc-
tion of hypertension through renal artery ligation, angioten-
sin II infusion or high salt diet for example. Ligation of
one common carotid artery would also increase the hemo-
dynamic the other common carotid artery
(Table 1). The arterial wall is in general fragilized by
chemical treatment such as elastase, an enzyme that breaks-
down elastin and P-aminopropionitrile, which inhibits the
cross-linking of collagen and elastin (Table 1). Various ani-
mal species can be used (mouse, rat, rabbit, dog, primate),
and the choice relies on the experimental purpose.
Although rodent models are easy to handle and relatively
low-cost, the small size of their arteries is challenging for
TIA induction. Moreover, the small size of their cerebral
arteries and IAs limits the possibility of radiological imag-
ing or testing endovascular devices. The use of larger ani-
mals such as dogs and primates would overcome these
hurdles, but they are more difficult to handle and thus
restrict the number of animals that can be used. Rabbits

stress  in
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seem to be a good compromise, and the diameter of their
extracranial carotid arteries is similar to humans.®” Another
frequently used technique for experimental IAs is the surgi-
cally created model, where an arterial or venous pouch
from a donor animal is end-to-side or side-to-side grafted
to an arterial wall of a recipient animal.®®
tage of this technique is that it gives more freedom onto
the choice of the IA size, orientation and localization. It is

The main advan-

v
5]
en
=]
<
=
o
=
w
z
=
Q
=]
<
2] j2}
> b7 7 . . .
B - & 3] therefore very suitable for testing of endovascular devices.
o o~ 8 . .
= =2 § g § The recent development of CRISPR/Cas9-induced genetic
= = Qo = = . . . . . . . .
g '§ TE gF 8 2 modifications in multiple animal species will certainly be
= Qe O o o 8 3 .
B 2®§ T3 S E 3] helpful to further unravel the pathophysiology of IA growth
= S o IR = . . . . .
5] o= 5 = 3 E £ § and rupture in relation to hemodynamic forces in experi-
=] o & < [SE="
) 2 0od =< £ E g
2 5 2 i mental TA models.
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g =
< 7 $¥5 35 %$%3 8 | CONCLUSION

There is so far no specific treatment to prevent IA growth
or rupture. When clinicians estimate a high risk of rupture,
surgical clipping or endovascular coiling remain the only
options. However, an accurate assessment of the risk of
rupture remains challenging and most likely leads to an
overtreatment of I[As. Accumulating evidences obtained
from studies combining IA histology and CFD stress out
the critical role of WSS and mechanotransduction in IA
pathology. The most direct proof for such critical relation

Ligation of the right renal artery and the left common carotid
artery + angiotensin II and elastase treatment + hypertensive
diet containing f-aminopropionitrile during 3 wk

Angiotensin II and elastase treatment during 20 d, 4 wk after

Bilateral common carotid arteries ligation for 5 d to 12 wk
Deoxycorticosterone acetate-salt hypertension + elastase

= . .
£ perhaps comes from the fact that genetic mutations lead-
g ing to PC dysfunction predispose ADPKD patients to
) g y P P p
i & more IA formation with a severe phenotype. In depth
" 'g g knowledge of how vascular cells respond to WSS, includ-
ﬁ ; 4 ing analyses of the acute repair and the chronic degenera-
=
§ jé: . tive processes, would help us to understand the molecular
g § §0 and cellular events leading to IA growth and rupture.
Such information would be valuable for the development
E N of new biomarkers to accurately characterize the state of
- ) "‘é i the disease, but also for the development of new drugs to
—— .
§ 9 Py 2 = L 5 S prevent IA progression.
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