1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Hypertension. Author manuscript; available in PMC 2021 February 01.

-, HHS Public Access
«

Published in final edited form as:
Hypertension. 2020 February ; 75(2): 468-476. doi:10.1161/HYPERTENSIONAHA.118.12595.

Toll-like receptor 4 mediates the development of intracranial
aneurysm rupture

Kazuha Mitsui, MD¥, Taichi Ikedo, MD, PhD#, Yoshinobu Kamio, MD¥, Hajime Furukawa,
MD, PhD, Michael T. Lawton, MD, Tomoki Hashimoto, MD

Barrow Aneurysm and AVM Research Center, Department of Neurosurgery and Neurobiology,
Barrow Neurological Institute, Phoenix, AZ

# These authors contributed equally to this work.

Abstract

Inflammation is emerging as a critical factor in the pathophysiology of intracranial aneurysm.
Toll-like receptor 4 (TLR4) contributes not only to the innate immune responses but also to the
inflammatory processes associated with vascular disease. Therefore, we examined the contribution
of the TLR4 pathway to the development of the rupture of intracranial aneurysm. We utilized a
mouse model of intracranial aneurysm. TLR4 inhibition significantly reduced the development of
aneurysmal rupture. In addition, the rupture rate and levels of pro-inflammatory cytokines were
lower in TLR4 knockout mice than the control littermates. Macrophage/monocyte-specific TLR4
knockout mice had a lower rupture rate than the control littermate mice. Moreover, the deficiency
of myeloid differentiation primary-response protein 88 (MyD88), a key mediator of TLR4,
reduced the rupture rate. These findings suggest that the TLR4 pathway promotes the development
of intracranial aneurysmal rupture by accelerating inflammation in aneurysmal walls. Inhibition of
the TLR4 pathway in inflammatory cells may be a promising approach for the prevention of
aneurysmal rupture and subsequent subarachnoid hemorrhage.
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Introduction

Intracranial aneurysm rupture causes subarachnoid hemorrhage, resulting in severe mortality
and morbidity. Established therapies for the prevention of aneurysmal rupture are limited to
invasive treatments such as surgical clipping and endovascular coiling.? Although these
invasive therapies are well-established, the adverse outcome rates from these procedures are
not still negligible.! Therefore, the pharmacological prevention of aneurysmal rupture may
be an attractive approach for patients with unruptured aneurysms.2-6

Recent studies have suggested inflammation as a critical factor for the development of
intracranial aneurysm rupture.2 4 7 Thus, a better understanding of molecular pathways that
regulate the inflammatory process in intracranial aneurysmal rupture may contribute to the
establishment of effective medical therapies for the prevention of aneurysmal rupture and
subsequent subarachnoid hemorrhage.

Toll-like receptors (TLRs) have crucial roles in activating the innate immune system, and at
least ten members of the TLR family have been identified in humans.8: © These receptors are
activated by several ligands and modulate inflammation.10 Toll-like receptor 4 (TLR4) is one
of TLRs that is expressed on the cell surface of both immune and vascular cells, including
endothelial cells, 1 smooth muscle cells,}2 and inflammatory cells.1%: 13 Previous descriptive
studies showed the expression of TLR4 in human intracranial aneurysms and a rat model of
intracranial aneurysm.1# 15 However, the causal link between the TLR4 pathway and
intracranial aneurysmal rupture has still not been studied.
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TLR4 has a cytoplasmic toll/IL-1R (TIR; IL-1: interleukin-1) homologous domain that can
bind to myeloid differentiation primary-response protein 88 (MyD88). The binding between
TLR4 and MyD88 leads to the activation of IL-1R-associated kinases (IRAKS) and
downstream expression of proinflammatory cytokines.10: 16 |t has been shown that the
pathway involves TLR4 and MyD88 promotes inflammation in the development of tissue
inflammation and remodeling in atherosclerosis'? 17 and myocardial ischemia.18 TLR4 may
contribute to the development of aneurysmal rupture through the MyD88. Therefore, in this
study, we examined the potential roles of TLR4 and MyD88 in the development of
aneurysmal rupture using a mouse model of intracranial aneurysm.

Materials and Methods

Animals

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

All experiments were conducted following the guidelines approved by the Institutional
Animal Care and Use Committee. Male C56BL/6 mice and knockout mice in the C56BL/6
background were used in all experiments. TLR4 knockout mice,® MyD88 knockout mice,20
TLR4 flox/flox mice,?! and mice expressing Cre recombinase under the control of the
myeloid-specific lysosome M (LysM) promoter22 were obtained from Jackson Laboratory
(Bar Harbor, Maine). No abnormalities in the appearance, growth, or body weight were
observed in these mice.

Induction of aneurysmal rupture model in mice

To induce intracranial aneurysms in mice, we combined systemic hypertension
(deoxycorticosterone acetate-salt hypertension) and a single injection of elastase into the
cerebrospinal fluid at the right basal cistern as previously described.? 23 To induce systemic
hypertension, we used a widely used DOCA-salt hypertension method. DOCA-salt
hypertension requires the subcutaneous implantation of DOCA (deoxycorticosterone
acetate) pellet, unilateral nephrectomy, and high-salt drinking water (0.9% NaCl) as
previously described.3 24 This method causes a milder increase in blood pressure compared
to angiotensin 11 infusion.23: 24 One week after the unilateral nephrectomy, a DOCA pellet
(2.4 mg/day, Innovative Research of America, Sarasota, FL, USA) was implanted, and 0.9%
sodium chloride drinking water was started. Mice received a single injection of elastase
(0.035 units) into the cerebrospinal fluid at the right basal cistern on the same day as DOCA
pellet implantation.3: 24

To detect aneurysmal rupture, two blinded observers performed neurological examinations
daily as previously described.2~% 2526 Neurological symptoms were scored as follows: 0:
normal function; 1: reduced eating or drinking activity demonstrated by a weight loss > 2
grams of body weight (~ 10% weight loss) for 24 hours; 2: flexion of the torso and
forelimbs on lifting the whole animal by the tail; 3: circling to one side with a normal
posture at rest; 4: leaning to one side at rest; and 5: no spontaneous activity. When mice
were found to show neurological symptoms associated with aneurysmal rupture
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(neurological score, 1 — 5), they were euthanized immediately (within 4 hours).2=4 25. 26
Because our previous studies using this model showed that aneurysmal rupture occurs within
3 weeks of aneurysm induction,3 26 asymptomatic mice were euthanized 21 days after
aneurysm induction.? 25 The brain samples were perfused with phosphate-buffered saline
(PBS), followed by a gelatin-containing blue dye to visualize cerebral arteries. Aneurysms
were defined as a localized outward bulging of the vascular wall, whose diameter was
greater than the parent artery diameter.4

TLR4 inhibitor treatment

As a TLR4 inhibitor, lipopolysaccharide from the photosynthetic bacterium Rhodobacter
sphaeroides (LPS-RS) was used as previously described.2”: 28 Unlike other bacterial
lipopolysaccharides, LPS-RS acts as a potent antagonist of TLR4.2% LPS-RS has been
widely used as a TLR4 inhibitor in both in-vivo and in-vitro settings.18: 29. 30

Our previous study showed that in this model, aneurysmal formation occurs first 6 days after
aneurysm induction and that aneurysmal rupture can be found 7 days after the aneurysm
induction.2= 25 Therefore, we started intraperitoneal injection of LPS-RS (50 ug/kg,
Invitrogen, San Diego, CA) in 200 ul saline twice a week for the treatment group or just 200
ul saline for the vehicle group from 6 days after aneurysm induction to 3 weeks after
aneurysm induction as previously described.2# 25 We measured systolic blood pressure
every week and body weight and general appearance daily.

Expression levels of inflammatory cytokines

We harvested cerebral arteries and aneurysms 6 days after aneurysm induction to exclude
inflammation caused by subarachnoid hemorrhage itself as previously described.* We
collected the entire cerebral arteries with or without aneurysm induction and measured gene
expression of interleukin (IL)-6, IL-1pB, tumor necrosis factor-a (TNF-a), monocyte
chemoattractant factor-1 (MCP-1), matrix metalloproteinase (MMP)-9, and nuclear factor-
kappa B (NF-xB) p65. The RNeasy Mini Kit (Qiagen, CA) was used for extraction of total
RNA. The total RNAs (2uL of 4-8 ng/ul of RNA) from each sample were transcribed to
cDNA with QuantiTect reverse transcription kit (Qiagen), and all resulting DNAs were used
for using SYBR Green technology (Applied Biosystems, CA). Quantitative values were
obtained from the threshold cycle value (CT), and the data were analyzed by the 27AACT
method. The transcript amount of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal RNA control. 272ACT yalue of the target transcript from each mouse
was normalized with the mean 222CT value from the wild-type mice without aneurysm
induction as 1.0. Then, the normalized 272ACT values were compared using the Mann—
Whitney test.

Real-time PCR was performed using 7500 Fast Real-Time PCR System (Applied
Biosystems, CA, USA). Following primer sets were used: IL-1f (forward primer: 5’-TGC
GAC TTC AAC AGC AAC TC-3’; reverse primer: 5’-ATG TAG GCC ATG AGG TCC
AC-3’), IL-6 (forward primer: 5’-CCG GAG AGG AGA CTT CAC AG-3’; reverse primer:
5’-GGA AAT TGG GGT AGG AAG GA-3’), TNFa (forward primer: 5’-CCA GAC CCT
CAC ACT CAG ATC-3’; reverse primer: 5’-CAC TTG GTG GTT TGC TAC GAC-3),
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MCP-1 (forward primer: 5’-AGG TCC CTG TCA TGC TTC TG-3’; reverse primer: 5’-
GCT GCT GGT GAT CCT CTT GT-3"), MMP-9 (forward primer: 5’-AGA CCT GAA AAC
CTC CAA CCT CAC-3’; reverse primer: 5’-TGT TAT GAT GGT CCC ACT TGA
GGC-3’), NF-xB p65 (forward primer: 5’-ACA CCT CTG CAT ATA GCG GC-3’; reverse
primer: 5’-GGT ACC CCC AGA GAC CTC AT-3’), and GAPDH (forward primer: 5’-TGC
GAC TTC AAC AGC AAC TC-3’; reverse primer: 5’-ATG TAG GCC ATG AGG TCC
AC-3").

Statistical analysis

Results

Fisher’s exact test was used to analyze the incidence of aneurysms and the rupture rate. As
an exploratory analysis, the survival analysis was performed using the log-rank test. Mice
that did not develop aneurysms were excluded from the survival analysis. Levels of mMRNA
were compared between 2 groups using the Mann-Whitney test and presented as mean *
SD. P<0.05 was considered statistically significant (GraphPad Software, La Jolla, CA).

TLR4 inhibitor prevented the development of intracranial aneurysmal rupture.

As a first step to investigate the role of TLR4 in aneurysmal rupture, we tested the effects of
TLR4 inhibitor on the development of aneurysmal rupture. Figure 1 shows representative
images of Circle of Willis without intracranial aneurysms (A), with an unruptured aneurysm
(B), and a ruptured aneurysm (C) in the vehicle-treated mice.

As the TLRA4 treatment started after the formation of aneurysms, the TLR4 inhibitor did not
affect the formation of intracranial aneurysms (vehicle versus TLR4 inhibitor; 89% versus
96%; n = 27 versus n = 24. Figure 2A). However, more importantly, the treatment with
TLR4 inhibitor significantly decreased the rupture rate compared with the vehicle treatment
(vehicle versus TLR4 inhibitor; 83% versus 52%; P< 0.05; n = 24 versus n = 23. Figure
2B). A symptom-free curve (Kaplan-Meier analysis curve) excluding mice without any
aneurysms showed a significant reduction of aneurysmal rupture with TLR4 inhibitor
treatment (P < 0.05. Figure 2C). TLR4 inhibitor did not affect blood pressure (Figure 2D).

Lack of TLR4 reduced the development of intracranial aneurysmal rupture.

To further confirm the contribution of TLR4 to the development of aneurysmal rupture, we
examined the development of aneurysmal rupture in TLR4 knockout mice. There was no
significant difference in the incidence of aneurysm formation between the wild-type
littermates and TLR4 knockout mice (wild-type littermates versus TLR4 knockout mice;
94% versus 86%; n = 18 versus n = 14. Figure 3A). Consistent with the TLR4 inhibitor
study, TLR4 knockout mice had a lower rupture rate than wild-type littermates (wild-type
littermates versus TLR4 knockout mice; 77% versus 33%; P< 0.05; n = 17 versus n = 12.
Figure 3B). The survival analysis using mice that had aneurysms revealed a lower incidence
of aneurysmal rupture in TLR4 knockout mice (P< 0.05. Figure 3C). TLR4 deficiency did
not affect systolic blood pressure (Figure 3D).
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Lack of TLR4 reduced inflammatory cytokines in the cerebral arteries.

We measured the mRNA expression of inflammatory cytokines in the cerebral arteries with
or without intracranial aneurysm induction in TLR4 knockout mice and control littermates.
TLR4 knockout mice with aneurysm induction had the lower expression levels of IL-6,
IL-1B, and TNF-a than the wild-type littermates with aneurysm induction (wild-type
littermates versus TLR4 knockout mice; IL-6: 1.4 + 0.7 versus 0.4 + 0.3, £< 0.05; IL-1p:
0.6 £ 0.4 versus 0.2 + 0.2, < 0.05; TNF-a: 0.7 £ 0.3 versus 0.2 £ 0.2, P<0.05.n=5in
each group. Figure 4). There was no significant difference in the expression levels of
inflammatory cytokines between TLR4 knockout mice without aneurysm induction and
wild-type littermates without aneurysm induction (n = 5 in each group. Figure 4).

Lack of TLR4 on macrophage/granulocyte prevented intracranial aneurysmal rupture.

Although TLR4 is expressed in multiple cell types, TLR4 signaling in macrophage/
monocyte is pivotal for tissue inflammation associated with pathological tissue remodeling,
31-33 3 biological process that plays critical roles in the rupture of intracranial aneurysms.
24, 26 To test the contribution of the TLR4 on macrophage/monocyte to the development of
aneurysmal rupture, we examine the development of aneurysmal rupture in mice lacking
TLR4 in macrophage and monocytes, macrophage/granulocyte-specific TLR4 knockout
mice (TLR4 flox/flox LysMCre +). There was no significant difference in the incidence of
aneurysms between macrophage/granulocyte-specific TLR4 knockout mice and the control
littermate mice (control littermate mice versus macrophage/granulocyte-specific TLR4
knockout mice; 88% versus 81%; n = 24 versus n = 16. Figure 5A). However, there was a
lower rupture rate in macrophage/granulocyte-specific TLR4 knockout mice as compared to
the control littermate mice (control littermate mice versus macrophage/granulocyte-specific
TLR4 knockout mice; 91% versus 39%; P < 0.05; n = 21 versus n = 13. Figure 5B). The
survival analysis using those mice that had aneurysms showed a lower rupture rate in
macrophage/granulocyte-specific TLR4 knockout mice (£ < 0.05. Figure 5C). There was no
difference in blood pressure between macrophage/granulocyte-specific TLR4 knockout mice
and control littermate mice (Figure 5D).

MyD88 knockout showed reduced rupture rate

Since the activation of TLR4 mediates tissue inflammation through MyD88,10 we assessed
the formation and rupture of intracranial aneurysm in MyD88 knockout mice. There was no
significant difference in the incidence of aneurysms between the wild-type littermates and
MyD88 knockout mice (wild-type littermates versus MyD88 knockout mice; 100% versus
95%; n = 24 versus n = 19. Figure 6A). However, MyD88 knockout mice had a lower
rupture rate compared with wild-type littermates (wild-type littermates versus MyD88
knockout mice; 88% versus 53%; P < 0.05; n = 24 versus n = 18. Figure 6B). The survival
analysis revealed a lower incidence of aneurysmal rupture in MyD88 knockout mice (P <
0.05. Figure 6C). There was no difference in blood pressure between MyD88 knockout mice
and the wild-type littermates (Figure 6D).
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Discussion

In this study, we demonstrated that TLR4 contributes to the development of intracranial
aneurysmal rupture by accelerating inflammation in mice. Mice treated with the TLR4
inhibitor showed a lower rupture rate than vehicle mice. We used TLR4 knockout mice to
confirm the contribution of TLR4 in aneurysmal rupture. Gene expressions of inflammatory
cytokines were suppressed in TLR4 knockout mice. In addition, we have shown that TLR4
on macrophages and monocytes mediates the promotion of aneurysmal rupture. Finally, the
deficiency of the TLR4’s adaptor protein, MyD88, significantly reduced the rupture rate,
suggesting that TLR4 may promote aneurysmal rupture through MyD88.

Although previous studies indicated potential associations between TLR4 and the
pathophysiology of intracranial aneurysm, 12 34 a mechanistic link between TLR4 pathway
and the development of intracranial aneurysmal rupture has not been established. TLR4
appears to be up-regulated during the formation and growth of intracranial aneurysms in
rats.15 A gene microarray study suggested the association between a TLR4 single nucleotide
gene polymorphism and the susceptibility for intracranial aneurysms.34 Our study represents
a first study to show a potential causal link between TLR4 pathway and the development of
aneurysmal rupture.

TLR4 was originally recognized as a critical receptor for innate immunity activated by
exogenous ligands, such as lipopolysaccharidel®: 35 or viral envelope glycoproteins.38
However, it has been shown that TLR4 can be activated by endogenous molecules, including
products of the degeneration of extracellular matrix,3’ heat shock proteins (HSPs),38: 39 and
lipids,4 and contribute to the pathophysiology of vascular diseases by modulating vascular
inflammation.37: 39 For example, in a mouse model of myocardial ischemia-reperfusion
injury, the mice pretreated with TLR4 antagonist had significantly reduced myocardial
infarction with the reduction of inflammatory cytokines.! In another study, TLR4
deficiency decreased macrophage infiltration and the extent of aortic atherosclerosis in
apolipoprotein E-deficient mice.1” In the present study, we measured expression levels of
pro-inflammatory cytokines to examine the involvement of TLR4 in the inflammatory
processes associated with aneurysmal rupture. The reduction of rupture rate in TLR4
knockout mice was associated with the decreased expression of TNF-a., IL-1f, and IL-6,
cytokines that were previously implicated in the aneurysmal rupture.2 6. 26. 42,43
Furthermore, specific knockout of TLR4 in macrophage/granulocyte reduced the rupture rate
more than the global knockout of TLR4. These results suggest that TLR4 contributes to the
development of aneurysmal rupture through the modulation of inflammatory cytokine
production, perhaps from macrophages and monocytes.

Activated TLR4 binds to MyD88, forming the complex with IL-1R-associated kinases
(IRAKS). This complex involving TLR4 and MyD88 plays a critical role in the vascular
inflammation and remodeling in the animal model of atherosclerosis!2 17 and myocardial
ischemia.1® The formation of the TLR4-MyD88 complex enhances the production of
inflammatory cytokines, including IL-1pB, IL-6, MCP-1, and C-X-C maotif ligand (CXCL)
1.12,17.18 These inflammatory cytokines and chemokines are associated with the
development of aneurysmal rupture in previous studies.? & 42-44 |n the present study, TLR4
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and MyD@88 deficiency reduced the intracranial aneurysmal rupture rate and the expression
levels of these inflammatory cytokines, indicating that activation of TLR4 may lead to the
development of aneurysmal rupture through the activation of MyD88 and subsequent
production of proinflammatory cytokines.

One of the intriguing findings of this study is that the roles of TLR4 and MyD88 were
limited to the development of aneurysmal rupture, as the genetic deletion of TLR4 or
MyD88 did not affect the formation of aneurysms while it reduced the development of
aneurysmal rupture. Previous studies have also demonstrated the differential roles of
inflammation and tissue remodeling between the formation of aneurysms and the
development of aneurysmal rupture.?: 26 These studies collectively suggest that mechanisms
for the development of aneurysmal rupture may be fundamentally different from
mechanisms for the formation and growth of aneurysms. Therefore, it may be crucial to
directly study mechanisms for the development of aneurysmal rupture in order to develop
pharmacological therapies for the prevention of aneurysmal rupture.

Both clinical and animal studies showed the roles of hypertension in the formation of
aneurysm and the development of aneurysmal rupture.23: 45-47 |n our model, hypertension is
required for the formation and rupture of aneurysms.23-2% As either angiotensin-11-induced
hypertension or DOCA-salt hypertension can be used to induce the formation and rupture of
aneurysms in this model, 23 24 individual components of DOCA-salt hypertension, namely
DOCA, salt loading, or nephrectomy, are not required for this model. We have shown that
the normalization of blood pressure by administration of anti-hypertensive agents after
aneurysm formation prevented aneurysmal rupture,2> showing the critical role of high blood
pressure in the development of aneurysmal rupture. In this study, the pharmacological
inhibition or the genetic deletion of TLR4 reduced rupture rates without affecting
hypertension. However, it is possible that TLR4 contributed to the development of
aneurysmal rupture through the modulation of vascular inflammation or remodeling induced
by hypertension.

There are several limitations in this study. First, the animal model may not completely
replicate biological events that lead to aneurysm formation and growth, as aneurysms were
induced, but not spontaneously formed. While many studies indicated the critical roles of
vascular inflammation in the pathophysiology of intracranial aneurysms, there may be
significant differences in the triggering factors of vascular inflammation between human
aneurysms and this model. In addition, the time course of aneurysmal formation and rupture
in this model is shorter than that of the human aneurysm. However, the phenotypes of
intracranial aneurysms in the model closely mimic that of intracranial aneurysms in human.
3.24 More importantly, human intracranial aneurysms and aneurysms in this model share the
end phenotypes, aneurysmal rupture and associated neurological symptoms, indicating the
common biological processes between human intracranial aneurysms and this mouse model
of intracranial aneurysm.3 25 Second, it may be possible that the activation of TLR4 leads to
the production of inflammatory cytokines without involving MyD88. TLR4 can interact with
TIR domain-containing adaptor protein—inducing interferon-p (TRIF) and promote
expressions of interferon (IFN) -p and IFN-inducible products.10: 48 This pathway may
contribute to TLR4’s promotion of aneurysmal rupture. Third, this study focused on the
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contribution of TLR4 on inflammatory cells, as TLR4’s major roles are often mediated by
inflammatory cells.10: 13 However, it is possible that TLR4 on other cell-type may contribute
to the development of aneurysmal rupture.

As an initial step to study the contribution of TLR4 pathway to the development of
intracranial aneurysmal rupture, we used only male mice in this study. Our previous studies
showed that the protective effects of estrogen against the formation and rupture of
intracranial aneurysms using male, non-ovariectomized female, and ovariectomized female
mice.#9 However, a comparison of these three groups would make the experimental design
far more complex and highly expansive. Effects of sex differences and sex steroids on the
roles of TLR4 in the development of aneurysmal rupture should be carefully examined in
future studies.

In summary, our findings suggest that TLR4 pathway promotes intracranial aneurysmal
rupture by modulating inflammation through MyD88. Future clinical studies that investigate
the relationship between aneurysmal rupture and TLR4 pathways will be needed to validate
our findings. Inhibition of TLR4 pathway in inflammatory cells may be a potentially
promising strategy for the prevention of aneurysmal rupture and subsequent subarachnoid
hemorrhage.

This study showed a potential role of the TLR4 pathway in inflammatory cells in the
development of intracranial aneurysm rupture. As the immune system involving TLR4 is
highly complex, further mechanistic and clinical studies are needed to firmly establish the
contribution of TLR4 pathway to the development of aneurysmal rupture and subarachnoid
hemorrhage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What |1s New?

This study provides first evidence suggesting the link between TLR4 pathway and
intracranial aneurysmal rupture.

What |s Relevant?

This study provides a basis for future human studies to firmly establish the contribution
of TLR4 pathway in inflammatory cells to intracranial aneurysmal rupture and
subsequent subarachnoid hemorrhage.

Summary

We demonstrated that TLR4 pathway plays a pivotal role in the pathophysiology of
intracranial aneurysmal rupture by modulating inflammation in mice. Inhibition of TLR4
pathway in inflammatory cells may be a promising direction for the prevention of
aneurysmal rupture and subsequent subarachnoid hemorrhage.
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Figure 1.
Representative images of unruptured and ruptured aneurysms. Blue dye was injected into

Circle of Willis. A. no aneurysm. B. unruptured aneurysm. C. ruptured aneurysm with
subarachnoid hemorrhage. Arrowheads indicate intracranial aneurysms.
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TLR4 inhibitor reduced a rupture rate but did not affect the formation of aneurysms. A.
Incidence of unruptured and ruptured aneurysms. B. Rupture rate. C. Symptom-free curve
(Kaplan—Meier analysis curve). Mice that did not have aneurysms were excluded from this
analysis. D. Systolic blood pressure. There was no difference in blood pressure between two

group at any timepoint. *~< 0.05, **£< 0.01
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Toll-like receptor 4 (TLR4) knockout mice had a lower rupture rate than wild-type
littermates. A. Incidence of unruptured and ruptured aneurysms. B. Rupture rate. C.
Symptom-free curve (Kaplan—Meier analysis curve). Mice that did not have aneurysms were
excluded from this analysis D. Systolic blood pressure. There was no difference in blood
pressure between two group at any timepoint. *£< 0.05, **£< 0.01, TLR4 KO: toll-like

receptor 4 knockout mice.
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Figure 4.

RNA expression of interleukin (IL)-6, IL-1p, tumor necrosis factor-a (TNF-a.), monocyte

chemoattractant factor-1 (MCP-1), matrix metalloproteinase (MMP)-9, and nuclear factor-
kappa B (NF-xB) p65 in cerebral arteries from mice with or without induction of aneurysm
(n =5 each). *P < 0.05, **P < 0.01, TLR4 KO: toll-like receptor 4 knockout mice.
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Macrophage/granulocyte-specific toll-like receptor 4 (TLR4) knockout mice (TLR4 flox/
flox LysMCre +) had a lower rupture rate than control littermate mice (TLR4 flox/flox
LysMCre -). A. Incidence of unruptured and ruptured aneurysms. B. Rupture rate. C.
Symptom-free curve (Kaplan—Meier analysis curve). Mice that did not have aneurysms were
excluded from this analysis. D. Systolic blood pressure. There was no difference in blood
pressure between two group at any timepoint. *£< 0.05, **£< 0.01, TLR4 LysM - indicates
toll-like receptor 4 flox/flox LysMCre - mice; TLR4 LysM +, TLR4 flox/flox LysMCre +

mice.
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Figure 6.

Myeloid differentiation primary-response protein 88 (MyD88) knockout mice had a lower
rupture rate than wild-type littermates. A. Incidence of unruptured and ruptured aneurysms.
B. Rupture rate. C. Symptom-free curve (Kaplan—Meier analysis curve). Mice that did not
have aneurysms were excluded from this analysis. D. Systolic blood pressure. There was no
difference in blood pressure between two group at any timepoint. *~< 0.05, **~< 0.01,
MyD88 KO: myeloid differentiation primary-response protein 88 knockout mice
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