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Aneurysm formation ≠ Aneurysm rupture 

•  Not all aneurysms rupture -   
(autopsy studies, prospective follow-up studies, clinical experience…) 
 
 
•  In a life-long follow-up study of unruptured aneurysms, 

only 1/3 ruptured (Korja et al. Stroke 2014) 

•  Rupture is a rare event in animal models of induced 
aneurysms (in the classical Hashimoto model 3% in 3months) 
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Aneurysm wall is not ”inert rubber” – it can 
grow, remodel, and thicken 

Intimal hyperplasia –like aneurysm wall  
Smooth muscle cells in brown 
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Data for the role of inflammation during 
aneurysm formation – animal models 

•  Hashimoto N. group’s model (Kyoto): Rupture rare 
–  Induced hypertension (salt + renal artery ligation) 
–  Inhibition of collagen crosslinking 
–  Unilateral ligation of carotid artery 

•  Hashimoto T. group’s model (UCSF): Rupture 
common 
–  Induced hypertension (angiotensin II) 
–  Elastase injection into cisterna magna 
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Cerebral artery wall is infiltrated by macrophages during 
formation of intracranial saccular aneurysms  

(unilateral carotid artery ligation model) 

Jamous et al. J Neurosurgery 2007 Macrophages in blue 
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Inhibition of macrophage recruitment via MCP-1 
inhibits aneurysm formation (carotid ligation model) 

Aoki T et al. Stroke 2009 

+ - 
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Depletion of macrophages inhibits aneurysm 
formation (elastase model) 

Kanematsu et al. Stroke 2011 
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How macrophages cause  
aneurysm formation? 

•  Secretion of matrix degrading proteases 
   (e.g. MMP-2 and MMP-9) (Aoki et al. Stroke 2007) 
 
•  Induction of oxidative stress – iNOS and reactive oxygen species 

(Fukuda et al. Circulation 2000 and Aoki et al. Lab Invest 2009) 
 
•  Secretion of inflammatory cytokines (! COX2 and TNFa signaling)  
     – phenotype change in smooth muscle and endothelial cells  

•  Potentially induction of cell death in the aneurysm wall (Fas-
signaling and TNFa signaling) 
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Induction of macrophage activation via COX-2 and 
EP2 positive feed back loop during formation of 
intracranial aneurysms (carotid ligation model) 

Aoki T et al. Br J Pharmacology 2011 
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Inhibition of TNFa signaling (TNFaR1 knock out)  
1) reduces aneurysm formation and 

2) MCP-1 and COX-2 expression in the aneurysm wall 

TNFaR1 knock out mice (KO) vs. wild type (WT) 

Aoki et al. Acta Neuropathologica Comm 2014 
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Conclusion: Formation of intracranial aneurysms is 
mediated by macrophages 

 
1. Macrophage infiltration associates with 

aneurysm formation 
 

2. Blocking macrophage infiltration prevents 
aneurysm formation 

 
3. Inhibition of macrophage signaling (TNFa and 

COX-2) prevents aneurysm formation 
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What about aneurysm rupture? 

 
•  Data from human tissue samples available  
   (ruptured vs. unruptured aneurysms) 
 
•  Various animal models – none that for certain replicates 

the human pathobiology of aneurysm rupture  
 

–  Induced hypertension + elastase injetion model 

–  Decellularized aortic graft model 
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Macrophage infiltration associates with wall degeneration 
and rupture in human intracranial aneurysms 

RUPTURED UNRUPTURED 

W
A

LL
 D

E
G

E
N

E
R

AT
IO

N
 

Kataoka et al. Stroke 1999 
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Macrophage infiltration increases with rupture  
and is not  just a reaction to rupture  

Days from rupture to sample resection 

Frösen et al. Stroke 2004 

No correlation with time from rupture 
and macrophage infiltration 

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.



 
In addition to macrophage infiltration – 

Aneurysm wall degeneration and rupture associates with 

activation of the complement (humoral immune system)  
 

Tulamo et al. Neurosurgery 2006 
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Also T-cells (CD3) are present in the aneurysm wall 
 – and associate with rupture 

Ollikainen et al. J Neuropath Exp Neurology 2014 

Frösen et al. Stroke 2004 
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…and also, mast cells are present in the aneurysm wall and 
associate with accumulation of iron and lipids as well as with 

macrophage and T-cell infiltration 

Ollikainen et al. J Neuropath Exp Neurology 2014 
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Genome wide comparison of gene expression in ruptured 
and unruptured human aneurysms  

– inflammation strongly associates with rupture 

Kurki et al. Neurosurgery 2011 
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So  
inflammation associates with rupture in 

human aneurysms 
 

– but is it the cause of rupture? 20
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Key reference studies and reviews  

for the role of smooth muscle cells in aneurysm wall: 
 

Frösen J, Translational Stroke Res. 2014 
Marbacher S et al. Stroke 2014  

Frösen J et al. Acta Neuropathologica 2013 
Frösen J et al. Stroke 2004 
Kataoka et al. Stroke 1999 

Degenerative remodeling of aneurysm wall – 
What characterizes a ruptured aneurysm wall 

 
- Loss of smooth muscle cells 

UNRUPTURED RUPTURED 

VS. 
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Why smooth muscle cells are important?   
Capacity for matrix synthesis & adaptive remodeling 

Intimal hyperplasia –like aneurysm wall  
Smooth muscle cells in brown 

Cells producing collagen in brown 

MMP9 production in the aneurysm wall  
(in situ hybridization, MMP9 mRNA in brown 
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Loss of mural cells is what causes aneurysm 
growth and rupture… 

Marbacher et al. Stroke 2014 

 
50% growing aneurysms ruptured… 

 vs. none of the controls 
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No evidence that complement acts directly on 
smooth muscle cells 

Complement activation (in red) and cell death (green/turqoise) 
DO NOT colocalize in the aneurysm wall 

Tulamo et al. Neurosurgery 2006 
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Macrophage derived cytokines –  

TNFa implicated in aneurysm formation in mice 
… what about rupture in human aneurysms? 

 

Jayaraman et al. Neurosurgery 2006 
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No evidence for apoptosis induced by inflammatory cells 
(Caspase-8 activation) in human aneurysm wall   
– other factors implicated (Caspase-9 activation) 

Laaksamo et al. Neurosurgery 2013 
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… instead apoptosis & inflammatory cell infiltration in the 
aneurysm wall associates with response to oxidative stress 
- and some inflammatory cells express hemeoxygenase-1  

Laaksamo et al. Neurosurgery 2013 
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Myeloperoxidase (derived from neutrophils & macrophages) 
causes oxidative stress 

 – and associates with rupture risk in aneurysms 

Chu et al. Stroke 2015 

Aneurysm formation & SAH  
in myeloperoxidase knock out mice 

Gounis et al. Stroke 2014 
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1) So other causes – perhaps oxidative stress- rather than 
macrophage induced cell death are the primary cause of 

smooth muscle cell loss 
 

and  
 

2) Some of the inflammatory cells perhaps cause oxidative 
stress  

– where as others are a response to it? 
 

… not all inflammatory cells or macrophages in the aneurysm 
wall necessarily have the same function? 
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Macrophages affect smooth muscle cell function in 
multiple ways – and can even promote fibrosis 

Tulamo et al. J Neurointerventional Surg 2010 
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Macrophage derived cytokines –  

COX2 signaling implicated in aneurysm formation 
… what about rupture in human aneurysms? 

 

Hasan et al. Stroke 2012 
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There is evidence that COX inhibition reduces  
1) inflammation and  

2) risk of aneurysm rupture in humans 

Hasan et al. JAHA 2013 

Hasan et al. Stroke 2011 
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Conclusion from studies on patients samples: 
  

Inflammation does not seem to directly kill 
aneurysm wall cells but affects rupture risk 
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What about animal models – does 
inflammation predispose to rupture? 
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Blocking angiotensin II mediated signaling with Ang 1-7: 
  

1) Reduced aneurysm formation 
2) Reduced aneurysm rupture 

3) Reduced TNFa mediated inflammation 
…BUT 

4) Increased COX-2 expression -? 

Pena Silva et al. Hypertension 2014 
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Blocking COX2 related mPGES-1 increased  
both aneurysm formation and rupture 

- and effect reduced by aspirin  

Pena Silva et al. Neurosurgery 2015 

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.



Activation of the immunomodulatory PPARg 
receptor in macrophages with pioglitatzone (PGZ) 

reduced aneurysm formation and rupture 

Shimada et al. Stroke 2015 
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Studies on the aneurysms induced with 
hypertension + elastase demonstrate: 

 
 Modulation of the macrophage activity DOES 

influence the risk of aneurysm rupture 
 

… but can also increase, not just decrease rupture risk… 
 

Role of the inflammatory response in aneurysm healing? 
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Do the animal models reproduce the 
inflammation + pathobiology of human disease? 

… role of inflammation is multiplex and depends on the context 
 

e.g. inflammation promotes fibrosis and wound healing 
 

Inflammation promotes vessel wall thickening in vascular injury 
 

Inflammation may promote plaque healing as well as plaque rupture in 
atherosclerosis.. 
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Genome wide comparison of gene expression in ruptured 
and unruptured human aneurysms  

–also lipid accumulation strongly associates with rupture 

Kurki et al. Neurosurgery 2011 
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Accumulation of lipids in the aneurysm wall 
associates with loss of mural cells 

Frösen et al. Acta Neuropathologica Comm 2013 
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Complement activation in aneurysm wall regions  
with lipid accumulation 

Complement in green Lipids in red 

Tulamo et al. Lab Investi 2010 
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Macrophage infiltration in the aneurysm wall 
associates with accumulation of lipids  
– that the macrophages phagocytose  

Ollikainen et al. SUBMITTED 
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So in human intracranial aneurysms 
macrophages seem to remove /clear lipids that 

otherwise would promote death of smooth 
muscle cells… 

- Does lipid accumulation occur in animal models of 
induced aneurysms? 

-  How does that change the effects of anti-
inflammatory therapy? 
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Inflammatory cells (in brown) are found especially 
in the walls of aneurysms with HIGH WSS - (Cebral et al. submitted) 

Flow dynamics in human intracranial aneurysms associate with 
inflammation in the wall – different flow dynamics in mouse models? 
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Moreover…  
Odontogenic bacteria in human aneurysm wall  

 
– what is their role? 

 
- how will anti-inflammatory therapy affect? 

Pyysalo et al. JNNP 2013 
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In summary - 

•  Inflammation mediates the formation of intracranial 
aneurysms  

– drug therapy to reduce the formation of aneurysms? 

•  Inflammation of the aneurysm wall associates with 
degenerated wall and rupture  

– marker of rupture risk? 

•  Inflammation is likely not the only cause of the 
degenerative remodeling but seems to modulate it 

 – possible target for drug therapy? 
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Thank you. 
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Blocking the COX2 –EP2 feedback loop in already 
formed aneurysms perhaps not enough? 

Aoki T et al. Br J Pharmacology 2011 

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
16

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
 A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.



In unilateral carotid ligation + hypertension model: 
Aneurysm formation is mediated by activation of NFkB 

transcription factor which triggers expression of proteinases 
and pro-inflammatory molecules (e.g. MCP-1) 

Aoki et al. Circulation 2007  

NFkB + NFkB - 
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Also activation of Ets-1 transcription factor in SMOOTH 
MUSCLE CELLS mediates in the carotid ligation + hypertension 

model the inflammation causing aneurysm formation 

Ets-1 in green 
Smooth muscle cells in red 
Overlap IN YELLOW 

Aoki et al. Gene Therapy 2010 
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Genome wide gene expression study: 
  

– Inflammation mediated by activation of NFkB and ETS 
transcription factors in the human aneurysm wall 
similar to induced aneurysms in animal models 

Kurki et al. Neurosurgery 2006 
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