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Abstract  Given the poor outcome of subarachnoid hemor-
rhage due to rupture of intracranial aneurysms (IAs) and 
high prevalence of IAs in general public, elucidation of 
mechanisms underlying the pathogenesis of the disease and 
development of effective treatment are mandatory for social 
health. Recent experimental findings have revealed the cru-
cial contribution of macrophage-mediated chronic inflam-
mation to and greatly promoted our understanding of the 
pathogenesis. Also a series of studies have proposed the 
potential of anti-inflammatory drugs as therapeutic ones. In 
this process, a rodent model of IAs plays an indispensable 
role. Basic concept of IA induction in such kind of models is 
that IA formation is triggered by hemodynamic stress loaded 
on damaged arterial walls. To be more precise, although 
detailed procedures are different among researchers, animals 
are subjected to a ligation of a unilateral carotid artery and 
systemic hypertension achieved by a salt overloading, and 
IAs are induced at the contralateral bifurcation site. 
Importantly, trigger of IA formation in the model mimics 
human one, and IA lesions induced share similarity in histol-
ogy with human ones such as degenerative changes of media. 
For further elucidating the pathogenesis, we need to well 
understand variations, usefulness, and also limits of this 
model.

Keywords  Intracranial aneurysm · Subarachnoid hemor-
rhage · Hemodynamic stress · Chronic inflammation  
Macrophage · Animal model

�Introduction

Given the poor outcome of subarachnoid hemorrhage due to 
rupture of intracranial aneurysm (IA) once after the onset 
and high prevalence of IAs in general public [10, 15], devel-
opment of preemptive medical treatment for IAs, inciden-
tally found through a brain check or so, is mandatory for 
social health [4]. To achieve this goal, mechanisms underly-
ing the pathogenesis of IAs should be well understood. In 
this process, rodent models of IAs have greatly contributed 
to the conceptualization of IAs as a macrophage-mediated 
chronic inflammatory disease affecting cerebral arteries and 
also to the identification of therapeutic targets for IAs.

�Animal Model of IAs

To clarify the pathogenesis of IAs, an animal model in which 
IA lesion is induced by biological processes well-mimicking 
human pathology is essential. Dr. Nobuo Hashimoto estab-
lished the IA model in rats in accordance with such a require-
ment first at 1978 [8], and this kind of model has been used 
for about 40 years as a major one in the field. The basic con-
cept to induce IAs in this model (the Hashimoto model) is 
“loading hemodynamic stress to damaged arterial walls” via 
referencing the putative trigger, hemodynamic stress, and 
histological characteristics, i.e., degenerative changes of 
media and disruption of internal elastic lamina, of human 
IAs. To achieve this concept, β-aminopropionitrile (BAPN) 
[14], a selective inhibitor of lysyl oxidase which mediates 
cross-linking of collagen and elastin, is administered to rats 
to fragile arterial walls, and the ligation of a unilateral com-
mon carotid artery (Figs. 1 and 2) and the uninephrectomy 
and administration of sodium chloride and deoxycorticoste-
rone acetate were applied to alternate and increase hemody-
namic stress to bifurcation sites of cerebral arteries [8]. After 
reported in 1978 [8], this model has underwent modifications 
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[1, 3, 11, 13]  (Table 1) and also applied to other experimen-
tal animal species like mouse [12]  and monkey [9].

This kind of IA model shares common pathological fea-
tures with human ones such as disruption of internal elastic 
lamina and degenerative changes of media (Fig.  3a). 
Importantly, IA lesions are spontaneously induced due to 
increase of hemodynamic stress loaded on bifurcation sites 
without direct handling of cerebral arteries, making lesions 
mimicking human pathology more precisely and analysis 
and interpretation much easier. Furthermore, incidence of 
IAs in rat model is high, almost 100% at the anterior cere-
bral—olfactory artery bifurcation in our current model [1]  
(Table  1), enough to examine mechanisms underlying for-
mation and progression of IAs. Indeed, this model has greatly 
contributed to conceptualization of IAs as a macrophage-

mediated chronic inflammatory disease and successfully 
identified some therapeutic targets [1, 2, 18]  (Table 2). In 
addition to high incidence, IA is gradually enlarged and 
degeneration of media such as a loss of medial smooth mus-
cle cells is also gradually exacerbated within a small devia-
tion after the induction. Thereby, IAs with a specific stage 
can be selectively analyzed, i.e., effect of interventional 
drugs on initiation, degeneration of media, or size of IAs. In 
some derivative models from the original Hashimoto model, 
subarachnoid hemorrhage occurs at a relatively high rate, at 
around 50%, during experimental period [11]  (Table  1, 
Fig. 3b). Thus, effect of interventional drugs or genetic mod-
ification on rupture of IAs may be assessable. Also, 
mechanisms triggering rupture of IAs which still remain elu-
sive can be addressed.
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Fig. 1  Schematic drawing of the vasculature from carotid artery to the 
circle of Willis. Points of an arterial ligation to alternate circulatory 
dynamics in the circle of Willis are indicated as 1 (common carotid 
artery), 2 (external carotid artery) or 3 (pterygopalatine artery). Red 
arrows indicate alternation or increase of blood flow. CCA common 

carotid artery, ICA internal carotid artery, ECA external carotid artery, 
PPA pterygopalatine artery, MCA middle cerebral artery, ACA anterior 
cerebral artery, OA olfactory artery, PCA posterior cerebral artery, 
Acom anterior communicating artery, Pcom posterior communicating 
artery, BA basilar artery, VA vertebral artery
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�Special Insight in Some Modifiable Factors

�BAPN

As BAPN inhibits cross-linking of collagens and elastin 
through irreversibly inhibiting enzymatic activity of lysyl 
oxidase [14], this compound induces fragility of arterial 
walls and thus facilitates degenerative changes and resul-
tant IA progression. Thereby, addition of BAPN to chow 
or drinking water greatly contributes to reduction of 
experimental period and may be helpful to make animal 
experiments like an evaluation of suppressive effect of 
drugs on progression of IAs easier and less expensive. 
However, as BAPN interferes a turnover of extracellular 
matrix which presumably occurs during IA progression 
to counteract to excessive degeneration of media, careful 
considerations to the usage of BAPN and if used cautious 
interpretations should be paid especially when research-

ers aim to examine something related with extracellular 
matrix.

�Strains

Incidence of subarachnoid hemorrhage has the great differ-
ence in races, i.e., over three times higher in Japanese and 
Finnish although incidence of IAs is similar [7, 10, 15, 17]. 
In rats, the similar difference of incidence and progression of 
IAs among strains such as Sprague-Dawley (SD) rat, Lewis 
(Lew) rat, and Long-Evans rat is observed. SD rats, presum-
ably the most popular rat strain used for creating the 
Hashimoto model (Table 1), develop larger IAs with more 
degenerative changes. Careful examination of differences in 
IA progression among each rat strain may reveal some 
important insights regarding mechanisms regulating pro-
gression or rupture of IAs.
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Fig. 2  Magnetic resonance angiography (MRA) imaging of the circle 
of Willis before and after a ligation of a unilateral common carotid 
artery. Representative MRA images from a sham-treated (Pre-Ligation, 
the left panel) or surgically manipulated rat (Post-Ligation, the right 
panel) are shown. Noted the remarkable change of signal intensity and 

the tortuous change in the anterior circulation in response to a ligation 
of a left common carotid artery. Lt left side, ICA internal carotid artery, 
MCA middle cerebral artery, ACA anterior cerebral artery, OA olfactory 
artery, BA basilar artery
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Fig. 3  Histopathological examination of intracranial aneurysm lesions 
induced in rats and onset of subarachnoid hemorrhage in a rat model. 
(a) Disruption of internal elastic lamina and thinning of medial smooth 
muscle cell layer in the intracranial lesion induced in a rat model. 
Images after Elastica van Gieson staining (left and middle panels) to 
visualize internal elastic lamina and of immunostaining for alpha-
smooth muscle actin to visualize medial smooth muscle cells (right 
panels) from control arterial walls (lower panels) or aneurysm lesions at 

an anterior cerebral (ACA)—olfactory (OA) bifurcation site of a rat 
model (upper panels) are shown. Magnified images corresponding to 
the square in left panels are shown in middle panels. Arrow heads indi-
cate disrupted portion of internal elastic lamina. Bar, 10  μm. (b) 
Macroscopic view of brain surface and the circle of Willis from autopsy 
after onset of subarachnoid hemorrhage in rats. ICA internal carotid 
artery, MCA middle cerebral artery

Rat Model of Intracranial Aneurysm: Variations, Usefulness, and Limitations of the Hashimoto Model
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Table 2  Potential therapeutic targets and candidates of drugs to treat an intracranial aneurysm revealed by experiments using a rodent model

Therapeutic target and cell Compounds

Aneurysm

Author ReferenceFormation Growth Rupture

NF-κB Simvastatin ↓ Aoki et al. Stroke 2008;39:1276

Pitavastatin ↓ Aoki et al. Neurosurgery 2009;64:357

Pravastatin ↓ Kimura et al. Brain Res 2010;1322:144

Nifedipine ↓ Aoki et al. Curr Neurovasc Res 
2008;5:37

Cyclooxygenase (COX) Aspirin ↓ Li et al. Neurochem Res 
2015;40:1537

↓ Chalouhi 
et al.

Hypertension 2016;68:411

COX-2 Celecoxib ↓ Aoki et al. Br J Pharmacol 
2011;163:1237

NS-398 ↓ Chalouhi 
et al.

Hypertension 2016;68:411

Prostaglandin E receptor subtype 2 
(EP2)

PF-04418948 ↓ Aoki et al. Sci Signal 2017;10

Sphingosine-1-phosphate receptor 
type 1 (S1P1)

ASP4058 ↓ Yamamoto 
et al.

Br J Pharmacol 
2017;174:2085

TNF-α Etanercept ↓ Yokoi et al. J Neurosurg 2014;120:1193

3,6′ 
dithiothalidomide

↓ ↓ Starke et al. J Neuroinflammation 
2014;11:77

Matrix metalloproteinases Minocycline ↓ Makino et al. Stroke 2012;43:2450

Doxycycline ↓ Makino et al. Stroke 2012;43:2450

Tolylsam ↓ Aoki et al. Stroke 2007;38:162

Inducible nitric oxide synthase 
(iNOS)

Amnoguanidine ↓ Fukuda et al. Circulation 2000;101:2532

Endothelin receptor K-8794 ↓ Sadamasa 
et al.

J Neurosurg 2007;106:330

Cathepsins NC-2300 ↓ Aoki et al. Stroke 2008;39:2603

Reactive oxygen species Edaravone ↓ Aoki et al. Lab Invest 2009;89:730

Phosphodiesterase 4 Ibudilast ↓ Yagi et al. Neurosurgery 2010;66:551

Rho-kinase Fasudil 
hydrochloride

↓ Eldawoody 
et al.

Neurosci Lett 2010;470:76

Peroxisome proliferator-activated 
receptor-γ (PPAR-γ)

Pioglitazone ↓ Shimada 
et al.

Stroke 2015;46:1664

Dipeptidyl peptidase-4 (DPP-4) Anagliptin ↓ Ikedo et al. J Am Heart Assoc 2017;6

Angiotensin II type 2 receptor Angiotensin-(1-7) ↓ Shimada 
et al.

J Cereb Blood Flow Metab 
2015;35:1163

Estrogen receptor 17β-estradiol ↓ Tada et al. Hypertension 2014;63:1339

Diarylpropionitrile ↓ Tada et al. Hypertension 2014;63:1339

↓ Tada et al. Neurosurgery 2014;75:690

Mast cell Emedastine 
difumarate

↓ Ishibashi 
et al.

Curr Neurovasc Res 
2010;7:113

Tranilast ↓ Ishibashi 
et al.

Curr Neurovasc Res 
2010;7:113

Macrophage Clodronate 
liposome

↓ Kanematsu 
et al.

Stroke 2011;42:173

T. Aoki et al.
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�Ligation of Pterygopalatine Artery

In the Hashimoto model, IAs are induced by an increase of 
hemodynamic stress loaded on bifurcation sites of cerebral 
arteries. In this process, a unilateral ligation of a common carotid 
artery is applied to increase blood flow in a contralateral carotid 
artery (Figs.  1 and 2). In addition of a ligation of common 
carotid artery, a ligation of a contralateral external carotid artery 
of course further increases a blood flow in an internal carotid 
artery. Intriguingly, as recently reported, in rodents unlike pri-
mates, a pterygopalatine artery is branched as a most proximal 
branch of an internal carotid artery, and thus a ligation of this 
artery moreover increases a hemodynamic stress presumably 
resulting in the exacerbation of IA progression [5, 11] (Fig. 1).

�Limitations

As described above, the Hashimoto model has greatly contrib-
uted to our understanding of the pathogenesis underlying IA 
formation and progression, and thus its establishment is really 
a breakthrough in the field. However, there are of course some 
limitations in the Hashimoto model we should well recognize. 
First, size of IAs induced in this model is small, usually within 
0.1 mm in diameter. As a natural consequence, imaging of a 
lesion is quite challenging given the resolution of imaging 
modalities used for analysis such as MRA (Fig. 2) and CTA, 
making the sequential following up of a same lesion quite dif-
ficult. Second, IAs induced in the Hashimoto model usually 
have a broad neck unlike many human ones (Fig. 3a). Thence, 
hemodynamic status of IA lesions seems to be considerable 
different from human ones. Taken together with the small size 
for imaging, the Hashimoto model may not be suitable for 
computational flow dynamic (CFD) analysis to evaluate 
hemodynamic status regulating IA progression.

Although there are certainly some limitations about the 
Hashimoto model, this model has revealed many important 
insights regarding the pathogenesis of IAs [2, 6, 16].
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