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Conclusion

Polycystic kidney disease (PKD) patients have a high intracranial aneurysms (IAs) incidence and risk of rupture. The mechanisms
that make PKD patients more vulnerable to |A disease are still not completely understood. The PCK rat is a well-known PKD model
and has been extensively used to study cyst development and kidney damage. Here, we used this rat model to study IA induction
and vulnerability.

IAs were induced in wild-type (WT) and PCK rats and their incidence was followed. Variation in the anatomy of the circle of Willis
was studied in PCK rats and PKD patients. Immunohistochemistry was performed in rat IAs and in human ruptured and unruptured
IAs from patients enrolled in the @neurIST observational cohort. An increased frequency of fatal aortic dissection was unexpect-
edly observed in PCK rats, which was due to modifications in the elastic architecture of the aorta in combination with the induced
hypertension. Interestingly, |As developed faster in PCK rats compared to WT rats. Variations in the anatomy of the circle of Willis
were identified in PCK rats and PKD patients, a risk factor that may (in part) explain the higher IA incidence found in these groups.
At 2 weeks after induction, the endothelium of |As from PCK rats showed a decrease in the tight junction proteins zonula occlu-
dens-1 and claudin-5. Furthermore, the Type Ill collagen content was lower in IAs of PCK rats at 4 weeks post-surgery. The de-
crease in tight junction proteins was also observed in the endothelium of human ruptured IAs compared to unruptured |As.

Our study showed that PCK rats are more sensitive to |A induction. Variations in the anatomy of the circle of Willis and impaired
regulation of tight junction proteins might put PCK rats and PKD patients more at risk of developing vulnerable |As.
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1. Introduction

Intracranial aneurysms (IAs) are abnormal enlargements of the lumen of ar-
teries in the circle of Willis (CoW), which affects 2-5% of the popula-
tion."” IA rupture leading to subarachnoid haemorrhage (SAH) is fatal in
25-50% of the cases.®> Unruptured |As can be preventively treated, but
these interventions are rather perilous with ~4.2% risk of mortality and
~3.6% risk of morbidity.* Thus, it is essential to identify unstable |As prone
to rupture accurately.

IAs typically develop at bifurcations within the CoWV, an arterial network
responsible for supplying blood to the brain.®> The CoW is composed of
the anterior cerebral arteries (ACA), the anterior communicating artery
(ACOM), the internal carotid arteries (ICA), the middle cerebral arteries
(MCA), the posterior communicating arteries (PCOM), the posterior
cerebral arteries (PCA), and the basilar artery (BA). The CoW is conserved
across many species® and is divided in the anterior and posterior circula-
tions fed by the ICAs and BA, respectively.” Many morphological variations
in the CoWV have been found in the general popula’cion.8 Those variations
modify the haemodynamics and the wall shear stress applied to endothelial
cells (ECs).” Wall shear stress is known to have a critical role in the initi-
ation of 1As?> and CoW variations have been correlated with this
process.'""

Polycystic kidney disease (PKD) is a genetic disease characterized by an
excessive development of renal cysts, which deteriorates kidney function
and may lead to organ failure."? There are two distinct types of PKD: auto-
somal recessive (ARPKD), a rare form diagnosed in infancy, and autosomal
dominant (ADPKD), the most common form, typically diagnosed in adult-
hood due to later onset of symptoms.’? Interestingly, ADPKD has been as-
sociated with a high IA incidence and risk of rup‘cure.n'14 Furthermore,
several case reports have described IAs in ARPKD |3atients,15’19 despite
the shortened life expectancy of these patients. The improved medical
management of the comorbidities associated with ARPKD might increase

variation in CoW

— Lack of EC adaptive
response

Faster IA
development

—

— Increased incidence
of aortic dissection

the life expectancies of these patients and the frequency of I1As in ARPKD
patien‘cs.19 PKD patients, affected by the dominant or recessive form, carry
a mutation in the PKD1, PKD2, or PKHD1 genes affecting the function of
primary cilia.*® In ECs lining the lumen of the arterial wall, primary cilia act
as mechano-sensors of blood flow.> We have recently shown in vitro that
primary cilia dampen the endothelial response to an aneurysmal pattern of
disturbed flow.?" The tight junction protein zonula occludens-1 (ZO-1)
was identified as a central regulator of primary cilia-dependent junction in-
tegrity.”! As tight junctions control endothelial permeability, dysfunctional
endothelial tight junctions have been associated with multiple vascular dis-
eases.”” Claudin-5 (CLDNG) is a tight junction protein highly expressed in
intracranial endothelium and plays a key role in maintaining the blood brain
barrier.>*** We hypothesize that a decrease of tight junction proteins
might explain why PKD patients develop IAs more frequently and these
|As are more at risk to rupture.

In this study, PCK rats were used as model of PKD and compared to
wild-type (WT) rats. The PCK rat is a model of ARPKD, with a mutation
in the homologous gene of PKHD1, and which can be used as model of
ADPKD as this model shares several key features with human
ADPKD.?® The PCK rat carries non-functional primary cilia and has been
extensively used to study cyst development and hepatorenal damage.?®
However, PCK rats were never used to study IA development. We found
that |As developed faster in PCK rats compared to WT rats. Moreover,
variations in the anatomy of the CoW were identified in PCK rats and
ADPKD patients, a risk factor that may (in part) explain the high IA inci-
dence found in these groups. At 2 weeks after induction, the endothelium
of I1As from PCK rats showed a lower content in tight junction proteins
Z0-1 and CLDNS5, compared to WT rats. Moreover, the content of
Type lll collagen was lower in IAs of PCK rats at 4 weeks post-surgery.
The reduced tight junction protein expression was also observed in the
endothelium of human ruptured IAs compared to unruptured |As of pa-
tients enrolled in the @neurlIST study.
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Intracranial aneurysm induction in PKD rats

2. Methods
2.1 Rat 1A model

The experiments were approved by the Swiss federal and cantonal veter-
inary authorities (license GE21519A) and performed according to the
Guide for the Care and Use of Laboratory Animals and the Swiss national
animal protection laws. The animal experiments complied with the
National Institute of Health’s Guide for the Care and Use of Laboratory
Animals and the Animal Research Reporting In Vivo Experiments
(ARRIVE) guidelines.

Five- to 9-week-old male WT and PCK (PCK/CrjCrl-Pkhd1P*/CRL) CD
Sprague-Dawley rats were obtained from Charles River Laboratories. The
animals were randomly selected and placed in cages (2—5 animals per cage).
Animals were marked with tail marks and the acclimatization phase lasted at
least 7 days. Rats were held in an enriched environment with ad libitum ac-
cess to water and food. After acclimatization, rats were accommodated to
the restrainer chamber to measure systolic blood pressure (BP) for 3 con-
secutive days. The protocol to induce |As was applied to 30 WT and 33 PCK
rats. Eight WT and 12 PCK controls rats did not undergo any surgery, were
fed with a normal diet and were killed in parallel with rats exposed to the IA
induction protocol. All animals were monitored and daily scored for general
well-being during the first 3 days post-surgery and then twice a week until
the end of the experiment.

Following the well-known protocol of Aoki et al.*’*® IAs were induced
at the right olfactory artery (OA) and ACA bifurcation. Briefly, under gen-
eral anaesthesia with inhalation of isofluorane (4% for induction, 2% for
maintenance), haemodynamic stress was increased on the right half of
the CoW by ligation of the left common carotid artery (LCCA).
Hypertension was induced by ligation of the left renal artery in combination
with a high salt diet (8%). The arterial wall was weakened by addition of
0.12% B-aminopropionitrile (BAPN) to the diet. To reduce pain, two sub-
cutaneous injections of buprenorphine (0.05 mg/kg in 100 pL) were given
30 min before surgery and 4-6 h later. Buprenorphine was also added to
the drinking water (0.05 mg/kg) for 2 days post-surgery. Systolic BP was
regularly measured by the tail-cuff method. Animals were placed in the re-
strainer chamber at 34°C, and BP was measured using the MRBP tail-cuff
BP multi-channel system (IITC Life Science) after 5 min of acclimatation.
Results were expressed as the mean of three measurements for each ani-
mal. Animals were euthanized at 1-8 weeks post-surgery by intraperito-
neal injection of a lethal dose of ketasol (100 mg/kg) and xylazine
(10 mg/kg) and bloodletting. Any animal that died during the experiment
was meticulously examined to determine the cause of death.

2.2 Clinical and radiological data

Patients have been recruited at the Geneva University Hospitals. The inclu-
sion criteria were as follows: (i) A identified on the basis of angiographic ap-
pearance (3D-digital subtraction angiography, 3D-magnetic resonance
angiogram, or 3D-computed tomography angiogram) as well as availability
of surgical documentation; (ii) age older than 18 years; (iii) patient provided
informed consent. The exclusion criteria were as follows: (i) lack of angio-
graphically proven IA on 3D-digital subtraction angiography, 3D-magnetic
resonance angiogram, or 3D-computed tomography angiogram; (ii) failure
to contribute to clinical data; and (jii) refusal to provide informed consent.
This study is in accordance with the Helsinki Declaration of the World
Medical Association and was approved by the Geneva State Ethics
Commission for Research as part of the @neurlST study (PB 2022-00426
previously PB_2018-0073 and 07-056). All patients approved for the use
of their data and biological samples in the field of cerebrovascular research.

For the analysis of CoW organization, magnetic resonance images
(MRlIs) of 16 ADPKD patients were retrieved from the @neurlST cohort.
MRIs of 16 matched non-PKD patients were also selected from the
@neurlIST cohort such that there were no differences between the two
groups in terms of sex, positive family history for |As and IA multiplicity.
In a larger cohort of non-PKD patients, MRIs of patients with (n=24)
and without a history of aneurysmal SAH (n=33) were also retrieved
from the @neurlST cohort. For the purpose of the analysis, a time of flight

(TOF) sequence was used. CoW of the PKD (n=16) and non-PKD
patients (n=16) were classified by three blinded observers using the
TOF images according to the classification presented in Supplementary
material online, Figure ST (see Supplementary material online). CoW
of the patients with (n=24) and without a history of aneurysmal SAH
(n = 33) were classified by two blinded observers. This classification was
adapted from Kizilgéz et al.” Variants A represent a complete CoW and
was the most common anatomical configuration observed. Other variants
correspond to the major incomplete configurations of the CoVV identified
in our cohort and are categorized based on variations in either the anterior
or posterior part of the CoW.

2.3 Human IA samples
For histological studies, 38 unruptured and 19 ruptured human IA domes &
localized at the MCA in non-PKD patients were retrieved from the Swiss 5
AneuX biobank.?? Human saccular |1As samples were obtained and pro- 3
cessed as previously described.”

This study is in accordance with the Helsinki Declaration of the World .
Medical Association and was approved by the Ethical Committee of the &
Geneva University Hospitals, Geneva, Switzerland, as part of the a
@neurlST study (Geneva State Ethics Commission for Research PB 3
2022-00426 previously PB_2018-0073 and 07-056). All patients signed 2
the consent forms and approved for the use of their data and biological G
samples in the field of cerebrovascular research.
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2.4 Rat samples
Rats were euthanized under anaesthesia with an intraperitoneal injection
of ketarom (ketasol 100 mg/kg and xylazine 10 mg/kg) and transcardially
perfused with 4% paraformaldehyde. The CoW, aortic arch, and right kid-
ney were collected from all rats, fixed overnight in 4% paraformaldehyde
and transferred to a 30% sucrose-phosphate-buffered saline solution until
complete dehydration. Prior to sample embedding, the complete CoW,
right OA-ACA bifurcation and aortic arches of all rats were imaged using
a Stemi 508 stereo microscope (Carl Zeiss). Right kidneys were weighed.
Right OA-ACA bifurcation, aortic arch and right kidney of all animals were
embedded in OCT compound, snap frozen, and stored at —80°C.
Images of the CoW of all WT (n = 38) and PCK (n = 44) rats were ana- <
lysed using the ImageView software (ImageView v4.11.18709.20210403) 3
to study their anatomical organization. The CoW of one PCK rat that
died prematurely was too damaged and was not studied. Aortic arches S
of animals that died prematurely were studied to find potential anomalies 2
that could have caused the death of the animal.

| /I0p/3]011IB-90UBAPER/S8I0SEAOIPIED/WOD
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2.5 Histology, immunohistochemistry, and

immunofluorescence

Human IA samples were sectioned at 5pum and conserved at 4°C.E
Immunoreactivity was retrieved by pressure cooker treatment (3 min) in €
citrate buffer. ECs were immunolabelled for CD31 (#DLN-33600, g,
Dianova, 1/25), ZO-1 (#61-7300, Invitrogen, 1/100), and CLDNS5 S
(#PAB27037, Abnova, 1/1000). Labellings were visualized using secondary ™
antibody coupled to streptavidin-biotin peroxidase complex and =
3,3'-diamino-benzidine chromophore using the EnVision Flex system<
(#K8023, DAKO) or the VECTASTAIN Kit (#PK-7800, Vector §
Laboratory) combined with ImmPACT DAB Substrate Kit (#SK-4105, @1
Vector Laboratory). Hemalun (#1.09249, Merck) was used as counter-
staining. Samples were mounted with Aquatex (#108562, Sigma
Aldrich). Stainings were performed on consecutive sections.

The right OA-ACA bifurcations, aortic arches, and right kidneys of rats
were sectioned at 6 pm and conserved at —20°C. Kidney sections were
stained with haematoxylin/eosin. Aortic arch sections were stained for
Martius Scarlet blue to visualize fibrin and Victoria blue to study the elastic
architecture. For immunohistochemistry, right OA-ACA bifurcation sec-
tions were fixed in 4% paraformaldehyde for 15 min, permeabilized in ice-
cold 100% methanol for 3 min and blocked with 2% bovine serum albumin
(#A1391, AppliChem) or 10% normal goat serum (#S-1000, Vector
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Laboratories) for 15min. ECs were immunolabelled for CD31
(#DLN-33600, Dianova, 1/100), ZO-1 (#61-7300, Invitrogen, 1/100),
CLDNS5 (#PAB27037, Abnova, 1/200), and CD68 (#MCA341R, BioRad,
1/100). A FITC-conjugated goat anti-rabbit antibody (#711-095-152,
Jackson Lab, 1/100) or FITC-conjugated goat anti-mouse antibody
(#115-095-003, Jackson Lab, 1/100) was used for signal detection.
Nuclei and internal elastic lamina were counterstained with
4',6-diamidino-2-phenylindol (DAPI) and 0.003% Evans Blue, respectively.
Samples were mounted with Vectashield antifade mounting medium
(#H-1000-10, Vector Laboratories). Right OA-ACA bifurcation sections
were also stained with Picrosirius Red. All stainings were performed on
consecutive sections.

2.6 Image analysis

Stainings on human |A sections, rat aortic arches, and kidneys were
scanned at 10X magnification using the Axio Scan.Z1 automated slide scan-
ner (Carl Zeiss) and images were processed by a blinded observer using the
Zen 2 software (Version 3.4.91, Carl Zeiss). Using the Image] (FIJI) software
(Java 1.8.0, NIH), CD31, ZO-1, and CLDNS5 staining on human IA sections
was quantified by a blinded observer at five different locations along the
endothelium using previously established methods.”' Results were ex-
pressed as the mean of the five measurements for each sample.
Picrosirius red staining on rat right OA-ACA bifurcation sections were ex-
amined using polarized light on the Olympus V5120 microscope and pro-
cessed using QuPath software. Yellow-red and green birefringence were
utilized to distinguish Type | and Type Il collagen fibres, respectively.
Collagens were expressed as percentages of the total wall area.
Immunostainings on rat right OA-ACA bifurcation sections were imaged
using the epifluorescent Zeiss Axiocam Imager Z1 (Carl Zeiss) equipped
with an AxioCam 506 mono camera (Carl Zeiss). Images at a high optical
resolution (0.093um/pixel) were processed and analysed using the Zen 2
software (Version 3.4.91, Carl Zeiss). Similar to the human sections,
CD31, ZO-1, and CLDNS5 stainings were quantified by a blinded observer
at five different locations along the endothelium at the level of the right
OA-ACA bifurcation, where the |A developed, and in the ACA. Results
were expressed as the mean of the five measurements for each sample.
The number of CD68 positive cells were counted by a blinded observer
at the level of the right OA-ACA bifurcation and in the ACA.

2.7 Statistical analysis

Statistical analysis was performed using GraphPad Prism (Version 10.1.1,
GraphPad). The distribution of the data was assessed by the
D’Agostino-Pearson Normality test. Normally distributed data are ex-
pressed as mean + SD. Data with non-normally distributed data (including
n < 8) are expressed as median + interquartile range. The presence of out-
liers was identified using the ROUT method (Q = 1%) and removed from
the statistical analysis if present. The difference between the means of two
independent groups with normally distributed data was analysed using a
one- or two-tailed Student’s t-test. One-tailed t-test was used when a
difference in a specific direction was expected. The difference between
the median of two independent groups with non-normally distributed
data was analysed using a Mann-Whitney U test. Difference between
the median of multiple groups with non-normally distributed data was
analysed using a Kruskal-Wallis test and Dunn’s multiple comparisons
test. Comparison of distributions has been performed using the Fisher’s
exact test. P < 0.05 indicates statistical significance: *P < 0.05, **P < 0.01,
*¥%P < 0.001, and *¥¥*p < 0.0001.

3. Results

3.1 WT and PCK rats display similar

increases in systolic BP

To induce |As, young (6—10 weeks) WT and PCK rats were exposed to
ligation of the LCCA and the left renal artery followed by a high salt diet

enriched with BAPN. The body weight of WT and PCK rats were similar
(~320 g) at the time of surgery and although PCK rats seemed to gain less
weight than WT rats these differences were not significant during the full
experiment (Figure 1A). As expected, haematoxylin/eosin staining on the
right kidney revealed the presence of cysts in PCK rats (Figure 1B) which
were absent in WT rats (Figure 1C). Likewise, we observed increased
weight of the right kidney in control PCK rats (P=0.0010) (Figure 1D)
and in PCK rats after surgery (P < 0.0001) (Figure 1E) compared to control
WT rats and WT rats after surgery. Finally, the systolic BP was carefully
monitored before and after surgery. In both WT and PCK rats, the systolic
BP raised in 1 week by 30 mmHg reaching ~160 mmHg after which it re-
mained elevated, thus confirming the induced hypertension in WT and
PCK rats in response to renal artery ligation and high salt diet
(Figure 1F). Despite the polycystic kidneys of PCK rats, no differences in
blood pressure were observed between WT and PCK rats.

3.2 PCK rats show decreased survival

We originally planned to compare IA development in groups of young WT
and PCK rats for up to 8 weeks post-surgery. While the survival rate of
WT rats was 100% until 6 weeks post-surgery with thereafter a slight de-
crease to 90% at 8 weeks, a sudden increase in mortality of PCK rats was
observed at 3 weeks post-surgery (Figure 2A). The survival rate of PCK rats
even dropped below 50% at 4 weeks post-surgery. Thus, in accordance
with 3R principles, we decided to stop the experiment with PCK rats at
maximum 4 weeks post-surgery. In consequence, WT rats were killed at
2, 4, and 8 weeks post-surgery, as planned, and the PCK rats at 1, 2, 3,
and 4 weeks post-surgery. Autopsy of WT and PCK rats that died prema-
turely during the experiment (3 out of 30 WT and 10 out of 33 PCK rats)
revealed the presence of thoracic haemorrhage. Microscopic observation
revealed the presence of dissection in the aortic arch (Figure 2B) as cause
of the thoracic haemorrhage. Disruption of elastic laminae and presence
of erythrocytes and fresh fibrin within the arterial wall of the aortic arch,
creating a pseudolumen, confirmed the aortic dissection diagnosis
(Figure 2C-E).

To better understand the aortic wall changes leading to the aortic dis-
section, the elastic architecture was studied at different locations in the
aortic arch (Figure 2F) of five control WT and PCK rats and five WT and
four PCK rats killed 4 weeks post-surgery. We observed three types of
elastic architecture (Figure 2G): Aortic walls containing straight, thick elastic
lamellae and dense elastic fibres were classified as Stage 1. Aortic walls con-
taining straight, thick elastic lamellae and not very dense elastic fibres were
classified as Stage 2. Aortic walls containing thin or undulated elastic lamel-
lae and sparse elastic fibres were classified as Stage 3. While the elastic
architecture downstream of the left subclavian artery was identical and
mostly normal (80% Stage 1) in the WT and PCK rats without surgery
(Figure 2H), the elastic architecture was more severely affected at the
same location at 4 weeks post-surgery in PCK rats compared to WT
rats (P < 0.0001) (Figure 2I). This different response of PCK rats to the
IA induction protocol as compared to WT rats was even more evident
at the level of the ascending aorta and in the aortic wall between the bifur-
cations of the brachiocephalic trunk and the LCCA with elastic architec-
ture classified as Stages 2 or 3 in all PCK rats at 4 weeks post-surgery
(see Supplementary material online, Figure S2A-D). In general, the elastic
fibre density tended to be decreased in PCK rats at 4 weeks post-surgery
at all three locations in the aortic arch (see Supplementary material online,
Figure S2E-G). The severe alteration of the elastic architecture in the aortic
arch of PCK rats compared to WT rats might explain the increased fre-
quency of aortic dissections observed in PCK rats 4 weeks post-surgery.

3.3 PCK rats display faster |A development

The right OA-ACA bifurcation from WT (Figure 3A and B) and PCK rats
(Figure 3C and D) were closely examined to find |As at the various time
points post-surgery. Meticulous observation under the dissection micro-
scope revealed the presence of bulging in WT and PCK rats (Figure 3A
and C). Immunofluorescent staining confirmed the bulging and revealed
the presence of internal elastic lamina disruption (Figure 3B and D), which
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Figure 1 WT and PCK rats have similar body weight and BP. (A) Body weight evolution of WT (n = 27) and PCK rats (n = 23) following surgery to induce
|1As. Kruskal—Wallis test with Dunn’s multiple comparisons test between WT and PCK rats. (B and C) Haematoxylin/eosin staining of a right kidney section of a
PCK (B) and a WT (C) rat without surgery. Scale bar, 2 mm. (D and E) Weight of right kidney of control WT (n = 4) and PCK (n = 12) rats (D) and WT (n = 15)
and PCK (n = 23) rats after surgery (E). Values are expressed as percentage of body weight. Two-tailed Mann—Whitney U test. (F) Systolic BP evolution of WT
(n=27) and PCK (n = 23) rats following surgery to induce IAs. Kruskal-WVallis test with Dunn’s multiple comparisons test between WT and PCK rats. **P <

0.01, ***P < 0.001.

is a characteristic of IAs. WT rats showed a progressive increase in IA oc-
currence with time after surgery leading to 82% of rats having an IA at 8
weeks post-surgery (Figure 3E). Interestingly, PCK rats displayed at 2 weeks
post-surgery enhanced IA development (P =0.0070) (Figure 3F) and the
maximal |A induction of 86% was already reached at 3 weeks post-surgery
in PCK rats, half of the time needed for WT rats (Figure 3G). No difference
in IA size (Figure 3H) and length of internal elastic lamina disruption
(Figure 31) were observed between WT and PCK rats at similar time points
post-surgery. Thus, IA development was faster in PCK rats, which may be
due to the absence of functional primary cilia to dampen the endothelial
response to disturbed blood flow.

3.4 Anatomical variations in the CoW of PCK
rats and PKD patients

The CoW is conserved across many species and shows a high degree of
similarity between humans and rats® (see Supplementary material online,
Figure $3). Disturbed blood flow patterns play a critical role in the initiation
of IAs.> Anatomical variations in the CoW have been associated with I1A
formation;'®'" however, the role of primary cilia in this process remains
to be investigated. Three frequent variations in the organization of the
CoW were observed in the rat, i.e. an additional MCA bifurcation
(Figure 4A), an additional ACA bifurcation (Figure 4B), and the presence
of an ACOM (Figure 4C). These variants were more frequently observed
in PCK rats than in WT rats (P=0.0035, P=0.0101, and P=10.0137, re-
spectively) (Figure 4D—F). Therefore, we decided to compare the anatom-
ical variability of the CoW between PKD and non-PKD patients. The
@neurlST database contained MRIs of 16 ADPKD patients. Sixteen
non-PKD patients were selected from the same database based on match-
ing for sex, positive family history for IAs and |As multiplicity. As presented
in Table 1, this clinical data from ADPKD and non-PKD patients were not
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different. Human CoW were classified using MRIs (see Supplementary <
material online, Figure S1) and differences were separated for the anterior <
(Figure 4G) and posterior (Figure 4H) part of the CoW. Anterior and pos- 3
terior CoW of PKD patients were less often classified as Type A which £
corresponds to the predominant CoW anatomical morphology in §
non-PKD patients (P <0.0001 and P=0.0001). Additional ACOM or 5
ACA were more frequently observed in the anterior part of the CoW ;OD"
from PKD patients than non-PKD patients. Absence or hypoplasia of the £
ACA was observed in none of the PKD patients while this variant was ob- =
served in 12.5% of non-PKD patients. Dominance of one PCOM was ob- %
served less frequently and absence or hypoplasia of both PCOM was &
observed more frequently in PKD patients than in non-PKD patients. In<
a larger cohort of non-PKD patients, the organization of the CoW differed"cgD
in patients with a history of aneurysmal SAH compared to patients with no £
history of SAH (see Supplementary material online, Figure S4). Interestingly, S
variations of the CoW observed more frequently in PKD patients, such as ™2
additional ACOM or ACA or absence or hypoplasia of both PCOM, were =
also more common in patients with a history of aneurysmal SAH.‘<N
Altogether, we observed an increased number of anatomical variations 3
in CoWV of both PCK rats and PKD patients. Notably, the presence of add- '
itional ACOM and ACA was observed in both groups. This suggests that
the absence of functional endothelial primary cilia might lead to altered em-
bryologic development of the circulatory system.

3.5 Absence of increase in tight junction
proteins in l1As of PCK rats

In an unbiased transcriptomics in vitro study, we previously identified ZO-1
as a central regulator of primary cilia-dependent tight junction integrity and
endothelial permeability.?' To investigate the relation between primary ci-
lia and endothelial junction integrity in vivo, we examined different EC
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Figure 2 Reduced survival of PCK rats due to aortic dissection. (A) Survival rate of WT (n = 30) and PCK rats (n = 33) following surgery to induce IAs.
Dotted lines indicate rats killed at the end of the experiment. (B) Representative image of an aortic arch from a PCK rat that prematurely died 3 weeks post-
surgery. Scale bar, 3 mm. Arrow indicates the site of dissection. (C) Martius Scarlet blue staining of an aortic arch section of a WT rat that prematurely died 6
weeks post-surgery. Nuclei are stained in brown, fibrin in red, erythrocytes and fresh fibrin in yellow, and white blood cells and collagen in blue. Scale bar, 1 mm.
Grey (D) and black (E) panels are magnifications showing the vessel wall deterioration and the infiltration of blood into the vessel wall. Scale bar, 0.1 mm.
(F) Victoria blue staining of an aortic arch section from a PCK rat killed 4 weeks post-surgery illustrating the three locations at which elastic architecture
was studied. Scale bar, 1 mm. Aao, ascending aorta; DAo, descending aorta; BCT, brachiocephalic trunk; LCCA, left common carotid artery; LSA, left subclavian
artery. (G) Representative Victoria blue staining images of Stages 1, 2, and 3. (H and /) Classification of the elastic architecture downstream of the LSA in the
aortic arch (location indicated in D) of five control WT and five control PCK rats (H) and five WT and four PCK rats killed 4 weeks post-surgery (1). Yellow,
Stage 1; orange, Stage 2; and dark red, Stage 3. Fisher’s exact test. ¥¥**P < 0.0001.
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Figure 3 Faster |A development in PCK rats. (A-D) Representative images of [As (white arrow) in a WT rat killed 8 weeks post-surgery (A and B) and a PCK
rat killed 4 weeks post-surgery (C and D) observed under the dissection microscope (A and C) and sectioned and stained with DAPI (nuclei in blue) and Evans
blue (elastic lamina in red) (B and D). Scale bar, 50 um. (E) Quantification of IA development in WT rats over the 8 weeks experiment (n = 8—11/group). Fisher’s
exact test with controls without surgery. (F) Comparison of IA development between 8 WT and 7 PCK rats 2 weeks post-surgery. Fisher’s exact test.
(G) Comparison of IA development between 11 WT rats killed at 8 weeks post-surgery and 7 PCK rats killed at 3 weeks post-surgery. Fisher’s exact test.
*P < 0.05, ¥*%P < 0.01, ***P < 0.001. (H and /) Area of aneurysm (H) and length of internal elastic lamina disruption (/) at the level of the right OA-ACA
bifurcation of WT (n =4-11/group) and PCK rats (n = 3—6/group) killed without surgery or at 2-8 weeks post-surgery. Only rats with IAs were considered

in (H and I). Kruskal-Wallis test with Dunn’s multiple comparison test.

junctional proteins in |As at the OA-ACA bifurcation and along the ACA, a
region free of IA development, in control groups of WT and PCK rats and
at 2 and 4 weeks post-surgery (Figure 5A-D). Importantly, staining for
the endothelial marker CD31 was similar in all groups of WT and PCK
rats both at the level of the ACA and OA-ACA bifurcation (Figures 5B, E
and F), illustrating that the presence of endothelium was similar at both lo-
cations and not affected by the surgical procedure in rats with and without
functional primary cilia. Next, we focused more specifically on the expres-
sion of the tight junction proteins ZO-1 (Figure 5C) and CLDNS5 (Figure 5D)
in the endothelium. At the level of the ACA, a similar increase of ZO-1
staining was observed 2 and 4 weeks post-surgery in ECs from WT (P =
0.0123 and P =0.0249) and PCK rats (P = 0.0003 and P =0.0391) in com-
parison to WT and PCK rats without surgery (Figure 5G). At the level of the
IA, the ZO-1 staining was greatly increased in WT rats 2 weeks post-
surgery (P=0.0200) whereas this increase was absent in PCK rats
(Figure 5H). Likewise, CLDN5 was increased in the OA-ACA bifurcation
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of WT rats (P=0.0067 and P=0.0033), and not of PCK rats, at 2 and 4
weeks post-surgery (Figure 5J).

Immunostainings on a limited number of PKD samples in our IA biobank <
showed reduced expression of ZO-1in ECs of IA domes from PKD |:>a1tien‘cs.21 S
To investigate if the expression of ZO-1 and CLDN5 could serve as a marker @
for vulnerable |As, the same endothelial tight junction proteins were studied in
19 vulnerable (ruptured) and 38 more stable (unruptured) human IA domes.
Clinical data from patients with ruptured and unruptured |As were not differ-
ent (Table 2). As expected, maximal IA diameter and bottleneck factor were
larger in ruptured |As compared to unruptured |As. Alike the rat IAs, ZO-1 im-
munostaining was lower in ruptured |As compared to unruptured |As (P =
0.0373) (Figure 6A—C). A similar decrease was observed for CLDN5 in ruptured
IAs (P=0.0338) (Figure 6D—F), while no difference in CD31 staining was ob-
served between ruptured and unruptured |As (Figure 6G-). The decrease of
tight junction proteins observed in |As from PCK rats and in vulnerable human
IAs might explain why IA in PKD patients at more at risk to rupture.
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Figure 4 More variation in circle of Willis of PCK rats and PKD patients. (A—C) Representative images of three variations in the CoW observed in WT and
PCK rats (arrows): additional MCA bifurcation (A), additional ACA bifurcation (B) and presence of an ACOM (C). Scale bar, 2 mm. MCA, middle cerebral
artery. ACA, anterior cerebral artery. ACOM, anterior communicating artery. (D—F) Corresponding quantifications of these three CoWV variations in WT
(n=138) and PCK (n = 46) rats. Fisher’s exact test. (G and H) Prevalence of anterior (G) and posterior (H) variants of the CoW of PKD (n = 16) and matched
non-PKD (n = 16) patients. Anatomic variations of the anterior and posterior part of the CoWV are presented in Supplementary material online, Figure S1.
Variants A are the normal configuration of the CoW. Anatomic variants of the anterior part: Variant B: Additional ACOM(s). Variant C: The median artery
of the corpus callosum originates from the ACOM. Variant H: Hypoplasia or absence of the A1 segment of one of the ACAs. Anatomic variants of the posterior
part: Variant B: One PCA originates predominantly from the ICA. This variation is also known as unilateral foetal type PCA. Variant D: Hypoplasia or absence of
one PCOM. Variant E: Hypoplasia or absence of both PCOMs. Fisher’s exact test. *P < 0.05, **P < 0.01 and ***P < 0.001.

3.6 Different IA wall remodelling in PCK rats
As a surrogate for vulnerability, we investigated CD68 positive macro-
phages (Figure 7A and B), known to secrete matrix metalloproteinases
(MMPs) breaking down extracellular matrix, as well as Type | and Type
Il collagen (Figure 7C) during IA development in WT and PCK rats. At 2
weeks post-surgery, the number of CD68 positive cells was slightly

increased in WT rats along the ACA, a region free of IA development
(P=0.0309) (Figure 7D) and in IAs at the OA-ACA bifurcation (P=
0.0107) (Figure 7E). A similar trend was observed for PCK rats.
Importantly, no differences were observed between WT and PCK rats
at similar time points, indicating that the inflammatory response during
IA development was comparable in WT and PCK rats. Staining for Type
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Table 1 Clinical data of the PKD and non-PKD patients

ADPKD Non-PKD P-value
patients  patients
Patients n=16 n=16
Age, year: mean (SD) 55 (16) 64 (13) 0.09
Sex, female: n (%) 10 (63) 13 (81) 043
Multiple |As: n (%) 8 (50) 7 (44) >0.99
Previous aSAH: n (%) 0(0) 0 (0) >0.99
Positive family history for IA: n (%) 5@31) 3(19) 0.69
Smoker (former and current): n (%) 9 (56) 8 (50) >0.99
Hypertension: n (%) 12 (75) 8 (50) 0.27

Comparison of means have been performed using two-tailed Student’s t-test. Comparison
of distribution have been performed using Fisher’s exact test.

SD, standard deviation; aSAH, aneurysmal subarachnoid haemorrhage; IA, intracranial
aneurysm.

| collagen was variable and not different in all groups of WT and PCK rats,
both at the level of the ACA and OA-ACA bifurcation (Figure 7F and G).
Staining for Type Il collagen was similar in all groups of WT and PCK
rats at the level of the ACA (Figure 7H) and in all groups of WT rats in
IAs at the OA-ACA bifurcation (Figure 7I). Interestingly, the content of
Type Il collagen tended to decrease with time post-surgery in PCK rats
and was considerably lower in IAs of PCK rats compared to WT rats at
4 weeks post-surgery (P = 0.0141) (Figure 7I), highlighting a different colla-
gen remodelling during IA development in PCK rats compared to WT rats.

4. Discussion

The mechanisms leading to increased risk for PKD patients to develop
more |As of increased vulnerability are still not completely understood.
In this study, we used young PCK rats that have a similar weight curve
than WT rats (until maximal 14 weeks of age) but develop cysts in the kid-
neys already at 21 days of age.”> Despite the presence of cysts in the kid-
neys, PCK rats did not develop a higher BP than WT rats following the
protocol to induce |As (Figure 1). This protocol however drastically in-
creased the mortality of PCK rats after 3 weeks post-surgery. We uncov-
ered that aortic dissection causing fatal thoracic haemorrhage was the
cause of death (Figure 2). Interestingly, IAs developed faster in PCK rats
compared to WT rats (Figure 3), suggesting that PCK rats are more sensi-
tive to |A induction. In addition, we observed an increased frequency of
anatomical variations in the CoW of PCK rats and PKD patients compared
to WT rats and non-PKD patients (Figure 4). The increased expression of
tight junction proteins observed in WT rats after |A induction was not ob-
served in PCK rats (Figure 5). A similar decrease in tight junction protein
expression was observed in vulnerable (ruptured) |As compared to
more stable (unruptured) IAs (Figure 6). Finally, a lower content of Type
Il collagen pointed to a different IA wall remodelling in PCK rats compared
to WT rats (Figure 7). Thus, variations in the anatomy of the CoW and im-
paired regulation of tight junction proteins might put PCK rats and PKD
patients more at risk to develop vulnerable |As.

The PKD patients included in the @neurlIST study are all ADPKD pa-
tients, as ARPKD is an infantile form of PKD associated with shortened
life expectancy. The autosomal dominant and recessive forms of PKD
are both associated with a lack of functional primary cilia®® and an increased
frequency of IAs.">"*" However, the primary cilia are differentially af-
fected in ADPKD and ARPKD, as the various forms affect different pro-
teins, i.e. the polycystin-1, polycystin-2, or fibrocystin/polyductin protein,
respectively. Similar to ARPKD patients,3° primary cilia in PCK rats were
shown to exhibit various abnormalities,®*" while primary cilia in
ADPKD patients present rather a dysfunction than structural abnormal-
ities.?%*? Despite these differences in ADPKD patients and PCK rats,

both characterized by a lack of functional primary cilia, we observed several
similarities in the present and previous study from our group,?' i.e. a similar
decrease in tight junction proteins, a lower Type Ill collagen content and an
increased frequency of anatomical variations in the CoW in both PCK rats
and ADPKD patients.

The protocol to induce IAs unexpectedly increased the mortality of PCK
rats. It has been previously described that PKD signs affect PCK rats and
decrease their survival after 17 weeks of age.33 In our experiment, we ob-
served a decreased survival at 3 weeks post-surgery, which corresponds to
9- to 13-week-old rats. It is thus unlikely that the premature death of PCK
animals in our study resulted directly from PKD, and we assume that the O
aortic dissection resulting in the premature death of PCK rats is a conse-
quence of the IA induction protocol. Of further note, the increased fre-
quency of aortic dissection is also unlikely to be a direct consequence of &
PKD-induced hypertension since we observed similar levels of hyperten- g
sion in WT and PCK rats. Indeed, the PCK rats used in this study were a %
maximum of 13 weeks old, and PKD has not progressed enough to affect =
systolic BP at this young age.>**> Angiolathyrism induced by the lathyritic T
compound BAPN, which inhibits the cross-linking between elastin and col-
lagen,® facilitates IA development in combination with increased haemo-
dynamic stress and hypertension in this IA rat model.>” BAPN affects
not only intracranial arteries, but all blood vessels and thoracic haemor-
rhage has been described by Hashimoto and colleagues®® in WT rats ex-
posed to the IA induction protocol. In this study, however, BAPN was
described to mostly affect young and growing animals and to have less ef-
fect in adult WT rats. Our study revealed severe alterations in the elastic
architecture of the aortic wall in adult PCK rats at 4 weeks post-surgery,
to which BAPN certainly contributed. Pulsatile cardiac outflow at high
pressure might be an additional damaging factor given the observed
more severe morphological alterations in the ascending aorta. It is note-
worthy that PKD patients are not only at higher risk of IA development
but also display an increased risk of developing aortic aneurysms and dis-
sections.>”*° Altogether, we postulate that the lack of functional primary
ciliain the endothelium of PCK rats in combination with the induced hyper-
tension and the BAPN treatment drastically increased the risk of develop-
ing aortic dissection in the PCK rats through an alteration of the elastic
architecture.

A majority of the population lacks a full Cow*' and variations in the ©
CoW have been correlated with IA disease."®"! Moreover, the CoW ofé
women, who are at greater risk to develop IAs, was shown to be different &
from men and the distribution of |A locations was also shown to be differ- 5
ent.***3 In our study, we observed more anatomical variation in the CoW g
of PKD patients and PCK rats than in the CoW of non-PKD patients and ;on“
WT rats. Furthermore, a recent meta-analysis onto |A distribution in pa- &£
tients with ADPKD revealed different A locations in this subgroup than =
in the general population.** Indeed, PKD patients developed more often &
IAs in large diameter arteries like MCA, ICA, and ACOM.** As a different £
organization modifies the blood flow pattern within the CoVWV, the differ- &
ent A locations in PKD patients might be due to their different CoW or-€
ganization, as suggested by the results of this study. The embryonic &
development of the CoW is greatly influenced by genetic factors.*'** 9
Moreover, the development of the vascular system during embryogenesis ™
is highly regulated by blood flow.*® Therefore, lack of functional primary =
cilia in ECs of PKD patients might impact the arterial growth and branchingg
during embryogenesis leading to a different CoW organization. Q
Subsequently, the variation in haemodynamics resulting from this different <
CoW organization explains the increased risk to develop |As. In addition,
variability of the CoVV configuration has been associated with an increased
risk of IA rupture.*’”*® Thus, screening for anatomical variations in the
CoW might help to identify non-PKD patients that are at greater risk of
IA rupture and may further open the way to personalized decisions for
IA treatment.

In accordance with an earlier study in different mouse models of PKD,*
we found that |As developed faster in PCK rats compared to WT rats. As
this rat and the mouse PKD model carry different mutations, this strongly
suggests a causal relation between the absence of functional endothelial
primary cilia and the sensitivity to develop |As. As previously demonstrated
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Figure 5 Absence of increase in endothelial tight junction proteins in IAs of PCK rats. (A) Representative ZO-1 immunostaining of the right OA-ACA bi-
furcation of a WT rat killed 8 weeks post-surgery. The white squares indicate two zones of interest: the OA-ACA bifurcation where |As develop and a straight
part of the ACA. Scale bar, 50 um. (B—D) Representative CD31 (B), ZO-1 (C) and CLDNS5 (D) immunostainings (in green). Nuclei are stained with DAPI (in
blue), and internal elastic laminae are stained with Evans blue (in red). * denotes lumen of the vessel. Scale bar, 5 um. (E—), Quantifications of CD31 (E and F),
Z0O-1 (Gand H) and CLDNS5 (I and J) immunostainings on WT (n = 7-8/group) and PCK (n = 4-11/group) rats killed without surgery, at 2 and 4 weeks post-
surgery in the ACA (E, G, and /) and at the OA-ACA bifurcation (F, H and J). Kruskal-Wallis test with Dunn’s multiple comparison test with WT and PCK
without surgery. *P < 0.05, **P < 0.01, ***P < 0.001.

in vitro, primary cilia dampen the endothelial response to an aneurysmal We previously observed a reduction of the tight junction protein ZO-1in
pattern of disturbed flow.”! Thus, an exaggerated endothelial response the endothelium of IA domes from PKD patients in comparison to
to disturbed blood flow may cause more |As in PKD patients. non-PKD |3atients.21 As ZO-1 is crucial for an intact endothelial barrier,
Interestingly, PKD patients have not only an increased sensitivity to IA de- we postulated that a decrease of ZO-1 might explain why IAs of PKD pa-
velopment but they are also classified as a high risk group for aneurysmal tients are more at risk of rupture. To investigate a possible causal relation

SAH, suggesting that their IA are more susceptible to rupture. between the absence of functional endothelial primary cilia and 1A
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Table 2 Patient and |A characteristics of patients with ruptured and unruptured IAs

Ruptured 1As

Patients n=19
Age, year: mean (SD) 51 (11)
Sex, female: n (%) 14 (74)
Multiple IAs: n (%) 8 (44) *
Previous aSAH: n (%) 2(11)*
Positive family history for IA: n (%) 2(11) 4
Smoker (former and current): n (%) 12 (67) 4
Hypertension: n (%) 6(33)*

Intracranial aneurysm n=19
Rough appearance: n (%) 533)7
Presence of blebs or lobules: n (%) 13724
Neck size, mm: median (IQR) 3.6 (26-49) ™
Maximal diameter, mm: median (IQR) 79 (5.8-106) 4
Bottleneck factor: median (IQR) 20 (14-27)*

Unruptured lAs

n=38
56 (11)
27 (71)
20 (53)
5(13)
5(14) 4
28 (74)
14 (37)
n=38
17 (46) *
20 (53)
3.8 (3.0-5.0)
5.7 (42-8.2)
1.6 (1.2-1.8)

Comparison of means and medians have been performed using two-tailed Student’s t-test and Mann—Whitney U-test, respectively. Comparison of distribution have been performed using Fisher’s
exact test. Missing information for 1 (*), 3 (%), or 4 () patients.

SD, standard deviation; IQR, interquartile range. aSAH, aneurysmal subarachnoid haemorrhage; IA, intracranial aneurysm.
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Figure 6 Decreased endothelial tight junction proteins in ruptured IAs of patients. (A—C) ZO-1 immunostaining (in brown) on ruptured (A) and unruptured
(B) human IAs and corresponding quantification (C) on ruptured (n = 16) and unruptured (n = 36) |As. (D—F) CLDNS5 immunostaining (in brown) on ruptured
(D) and unruptured (E) human IAs and corresponding quantification (F) on ruptured (n = 16) and unruptured (n = 36) IAs. (G—I) CD31 immunostaining (in
brown) on ruptured (G) and unruptured (H) human IAs and corresponding quantification (/) on ruptured (n = 17) and unruptured (n = 38) |As. One-tailed
Student’s t-tests were conducted, as a lower expression of tight junction proteins in vulnerable IAs was expected based on previous results.?’ Using two-tailed

Student’s t-tests would have doubled the P-values (i.e. 0.0746 for ZO-1 and 0.0675 for CLND?5). Scale bar, 20 pm. *P < 0.05.
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Figure 7 Different A wall remodelling in PCK rats. (A and B) Representative CD68 immunostaining (in green) of the right OA-ACA bifurcation of a WT rat
killed 8 weeks post-surgery. The white squares indicate two zones of interest: the OA-ACA bifurcation where |As develop and a straight part of the ACA. (B) is
a magnification of (A) showing infiltration of CDé8 positive cells in |A wall. Scale bar, 50 pm in (A) and 10 um in (B). Nuclei are stained with DAPI (in blue), and
internal elastic laminae are stained with Evans blue (in red). (C) Representative picrosirius red staining of the right OA-ACA bifurcation of a WT rat killed 8
weeks post-surgery, visualized by polarized light. Type | collagen is stained in yellow-red and Type Ill collagen is stained in green. Scale bar, 50 pm. Quantification
of the number of CD68 positive cells (D and E), percentage of Type | collagen (Fand G) and Type Il collagen (H and ) on WT (n = 7-8/group) and PCK (n = 3—
12/group) rats killed without surgery, at 2 and 4 weeks post-surgery in the ACA (D, F, and H) and at the OA-ACA bifurcation (E, G, and I). Kruskal-Wallis test
with Dunn’s multiple comparison test with WT vs. PCK without surgery and WT and PCK at similar timepoint. *P < 0.05.

vulnerability, we investigated PCK rats and studied the expression of the the endothelium of a non-IA region of the ACA. ECs in WT and PCK
tight junction proteins ZO-1 and CLDNS5 in the endothelium of 1As at rats showed a similar increase in ZO-1 and CLDNS5 staining at the level
the OA-ACA bifurcation, a preference location of primary cilia,>' and in of the ACA 2 and 4 weeks post-surgery, which is likely an adaptive response
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to the increased haemodynamic stress and hypertension. The molecular
mechanism responsible for this adaptive response was not studied.
However, it is known that endothelial tight junction protein expression
can be regulated through the Akt1-FoxO signalling pathway®' or the
Angiopoietin-Tie signalling pathway.>” Interestingly, at the level of the
OA-ACA bifurcation, where |As develop, the adaptive increase in ZO-1
and CLDNS5 staining was only observed in WT rats. The absence of this pro-
tective effect at the OA-ACA bifurcation might be a further explanation as
to why IAs develop faster in PCK rats. The lack of an adaptive tight junction-
strengthening response in PCK rats may also facilitate macrophage infiltra-
tion over the endothelial barrier into the IA as postulated by Tada et al.>®
thereby enhancing inflammation, collagen degradation and vulnerability of
the IA. Although the number of CD68 positive macrophages was similar
in WT and PCK |A development, a different collagen remodelling was ob-
served in |IA walls from PCK rats. Extracellular matrix remodelling is a dy-
namic process involving both the synthesis and degradation of collagen in
response to mechanical stress and biochemical stimuli.>* In our study, at
4 weeks post-surgery, the content of Type Il collagen was lower in |A walls
of PCK rats compared to WT rats. These findings align with our previous
investigations of IA walls in PKD patients, which revealed no differences
in macrophage content but noted differences in collagen content between
IAs from PKD and non-PKD patients.?’ Collagen plays a crucial role in main-
taining the integrity of the IA wall, as it provides tensile strength and elasti-
city necessary to resist aneurysm growth and rupture. A reduction in Type
Il collagen could compromise the wall’s load-bearing capacity, increasing its
susceptibility to rupture.®* Different collagen remodelling processes, such
as reduced collagen production by smooth muscle cells and fibroblasts,
or increased collagen breakdown by MMPs might explain the lower Type
Il collagen content in IA wall observed in our study. Macrophages secrete
MMPs that degrade collagens. Intriguingly, increased levels of MMP-2 and
MMP-9 were found in patients with acute aortic dissection at the sites of
intimal tears.>> Moreover, using the same rat IA model, Aoki et al.>® ob-
served that aneurysm growth was closely associated with MMP-2 and
MMP-9 expression and that inhibition of these MMPs prevented IA progres-
sion. Since the number of macrophages was not different in our study while
Type lll collagen was lower in |As of PCK rats and PKD patients, it would be
interesting to investigate if lack of functional primary cilia would affect the
MMPs secretion by macrophages. Such experiments are however beyond
the scope of this study.

Several groups have found that vulnerable (i.e. ruptured) IA walls contain
more CD68 positive cells and have a lower collagen content than stable

(i.e. unruptured) IA walls.”*”? In a previous study, we observed a lower
content of Type | and Type Il collagens in ruptured IA walls compared
to unruptured IA walls.”> Thus, the lower content of Type Il collagen
observed in IA walls from PCK rats and PKD patients might weaken
the |A wall and explain (in part) the higher risk of IA rupture in PKD
patients.

Finally, it should be noted that while using the Aoki IA induction
protocol on PCK rats provided much new (mechanistic) information,
it has certain limitations due to differences from human PKD. For in-
stance, the progression and severity of cyst formation in PCK rats differ
from those observed in PKD patients.60 Thus, PCK rats may be more ¥
susceptible to aspects of the protocol used to induce IAs, which might £
not fully reflect the factors influencing IA development in PKD patients. 9
Another limitation of our study is that IA development could only be E
studied for a relatively short period of time (3—4 weeks) in PCK rats. 3
Moreover, the high mortality of PCK rats might have introduced a 3
bias as we could only study the surviving rats. In addition, the IA induc- =
tion protocol used in this study gives rise to stable |As with a very low &
rupture rate in WT rats.” Although IAs in PCK rats seemed to have a g\’
more vulnerable phenotype based on tight junction protein expression, §.
our study did not investigate |A rupture and can thus only postulate to- 3.
wards the increased risk of IA rupture in PKD patients. Other IA animal &
models exist to study IA rupture,®** but PCK rats might be too sensi- G
tive to such protocols given the drastic decrease in survival following the 8
present IA induction protocol. We recognize that sex is an important &
variable in animal studies and clinical presentation of disease. A limita- Qa’
tion of our study is that it has been performed in male rats only.®* )
Finally, the protocol used to induce IAs in rats resulted in the formation &
of small |As, which limits the amount of study material and thus the ex-
tent to which conclusions drawn from |As in PCK rats can be applied to
those in PKD patients.

In conclusion, PCK rats are more vulnerable to |A induction and devel-
oped IAs faster than WT rats. |A development is a complex process influ- ©
enced by several factors. We observed variations in the CoW anatomy and &
an impaired regulation of tight junction proteins in PCK rats which might s
explain the increased incidence of |As in PKD patients. Moreover, these %
differences as well as the lower Type lll collagen content may also explain ©
why PKD patients are more at risk of |A rupture. Finally, these differences é
might help to identify non-PKD patients who are at greater risk of IA £
rupture.

d
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Translational perspective

rupture.

Polycystic kidney disease (PKD) is associated with a high intracranial aneurysm (IA) incidence and risk of rupture. PKD patients carry a gene mutation
affecting primary cilia, blood flow mechano-sensors in endothelial cells. Here, we found that IAs developed faster in a PKD rat model than in wild-type
rats, which was likely due to the combination of impaired regulation of tight junction proteins and increased anatomical variations in the circle of Willis.
These findings explain the higher incidence and rupture risk of IAs in PKD patients and may also help to identify non-PKD patients at greater risk of IA
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