






in the elastase-injected group as that in the C57BL/6J at all fol-

low-up time points. Acute and/or chronic inflammatory cell in-

filtration was found surrounding and/or within the vessel walls in

samples taken at days 3, 7, and 14, but not at day 28 or in control

samples. We did not observe positive staining for MMP-9, MMP-

12, CD45, or MAC387 at any time point.

Inflammation scores in C57BL/6J mice were 2.2 � 0.84,

1.67 � 0.58, 3.0 � 0.0, and 1.5 � 0.58 at 3, 7, 14, and 28 days,

respectively; in SV129 mice, they were 1.0 � 0.82, 0.5 � 1.0, 1 �

1.41, and 0.0 � 0.0 at 3, 7, 14, and 28 days, respectively. Inflam-

mation scores were significantly different between strains at all

time points (P � .001). Within-strain comparisons showed a dif-

ference between the dates of sacrifice for the C57BL/6J strain, but

not for the SV129 strain (P � .03 and P � .38, respectively).

Gelatin Zymography
Gelatin zymography analysis showed that the activities of pro-

and active MMP-2 and MMP-9 were dramatically increased in the

VBD samples in C57BL/6J mice compared with sham-operated

controls and elastase-injected SV129 mice at 14 days after elastase

injection. The activities of pro-MMP-2, active MMP-2, pro-

MMP-9, and active MMP-9 were higher in elastase-injected

C57BL/6J groups compared with elastase-

injected SV129 mice and sham-operated

C57BL/6J and SV129 groups (Fig 5). Sam-

ples from both test and control SV129

mice did not show the activities of either

MMP. Wilcoxon rank sum test results

were significant for pro-MMP-2 and pro-

and active MMP-9 (P � .03, 0.03, and

0.03, respectively), but not active MMP-2

(P � .07).

DISCUSSION
In the current study, we demonstrated

that C57BL/6J mice are markedly more

susceptible to VBD induction than SV129

mice. While both mouse strains demon-

strated some manifestations of the elon-

gation, dilation, and tortuosity of the in-

tracranial arteries around the circle of

Willis, most C57BL/6J mice achieved our

prespecified threshold for VBD induction

but none of the SV129 mice reached that

threshold. In addition, high levels of in-

flammatory cells and MMPs were ob-

served in the C57BL/6J strain compared

with the SV129 strain. Our findings sug-

gest that the inflammatory cascade may

be important in the development of VBD

and that susceptibility to VBD formation

FIG 2. Extent of tortuosity index distribution in C57BL/6J and SV129 mouse strains after elastase
injection.

FIG 3. Immunostaining of inflammatory cells in the C57BL/6J mouse strain (�40 magnification). Single immunofluorescence staining showing
infiltrating CD45	 cells (A, arrows) and macrophages (B, arrows). Double immunostaining of infiltrating cells (CD45	/MAC387	) revealed that
the infiltrated inflammatory cells were macrophages (C).

Table 2: Basilar artery diameter increase and tortuosity index in C57BL/6J and SV129
strains categorized by follow-up time points

BA Diameter Increase Tortuosity Index

<50% >50% <10 >10

C57BL/6J SV129 C57BL/6J SV129 C57BL/6J SV129 C57BL/6J SV129
Control 7 7 7 7
3 Days 1 5 6 3 5 2
7 Days 3 8 6 3
14 Days 3 4 4 2 2 4 7 2
28 Days 1 5 4 1 4 4

4 Zhu ● 2017 www.ajnr.org



after elastase infusion is associated, at least in part, with genetically

determined inherited traits. These current findings are important

not only in identifying key elements relevant to the development

of VBD but also in providing a potential pathway for future dis-

covery of genetic determinants of VBD susceptibility, possibly

through linkage analysis of different strains.

The relationship among inflammation, MMPs, and aneu-

rysms has been widely reported in aneurysm models and clinical

cases.9-14 The disruption of the internal elastic lamina by elastase

injection could be the initial factor for induction of VBD. Subse-

quent infiltration of macrophages and inflammatory cells in the

medial layer with secretion of both MMP-9 (collagenase) and

MMP-12 (macrophage elastase) followed by degradation of ex-

tracellular matrix and elastic lamellae could be leading to the pro-

gression of VBD in the C57BL/6J strain. The low level of inflam-

matory cells and undetectable activities of MMPs in SV129 mice

could be associated with less BA dilation and elongation com-

pared with the C57BL/6J strain.

A prospective clinical trial focused on MMP activities, and

polymorphism in intracranial arterial dolichoectasia revealed

that plasma levels of MMP-2 and MMP-9 were not associated

with dolichoectasia.15 Furthermore, dolichoectasia was strongly

connected to lower levels of MMP-3 and 5A/6A polymorphism

of the promoter region of MMP-3. This study was in contra-

diction to our findings; however, we did not measure MMP

levels in plasma. It is possible that specific genetic factors may

lead to VBD.

Similar to our own findings, Fujii et al16 revealed that a wide

divergence in susceptibility to aneurysmal dilation occurred be-

tween C57BL/6J and SV129 mice in an elastase-induced abdom-

inal aortic aneurysm (AAA) model. In particular, C57BL/6J mice

were termed “AAA susceptible,” and SV129 mice, “AAA resis-

tant.” Following elastase perfusion, the SV129 mice had an extent

of dilation of 100.0%, whereas the C57BL/6J mice demonstrated

an extent of dilation of 156%. The outcross strain between 129/

SvEv and C57BL/6J (ie, B6xSvEv F1 heterozygotes) showed an

overall extent of dilation of 150.0%, in between the 2 parent

strains. These observations suggest that the susceptibility to form

abdominal aortic aneurysms following elastase perfusion is asso-

ciated, at least in part, with genetically determined inherited traits.

It is expected that future investigations based on this information

will help define the inherited genetic elements that might influ-

ence aneurysmal dilation. Meanwhile, other studies showed dif-

ferences between these mouse strains in susceptibility to ischemic

injury and insulin resistance.16,17

Our study has several limitations. In the previous study, the suc-

cess of achieving the intracranial dolichoectasia was defined as the

FIG 4. Immunostaining of matrix metalloproteinases in C57BL/6J mouse strain (�40 magnification). MMP-9 (A) and MMP-12 (C) were highly
expressed in the arterial wall after elastase injection. Elevated expression of MMP-9 was also detected in the infiltrated inflammatory cells (B).

FIG 5. A, Gelatin zymography showing expression of matrix metallo-
proteinases MMP-2 and MMP-9 in the basilar artery of elastase-in-
jected (T) and heat-inactivated elastase-injected (C) C57BL/6J mice. B,
Densitometric analysis of MMP activities in the basilar artery.
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arterial diameter increase of �25% compared with controls.6 In this

article, we applied high stringent and clinically relevant criteria in

defining the VBD formation and thus changed the arterial diameter

increase from �25% to �50% on the basis of the criteria of Smoker

et al.18 The arterial dilation and tortuosity index were calculated by

using 2D images; however, we believed that 2D images could well

reflect its 3D tortuosity because we had found that the vertebrobasilar

artery mainly goes on the pons and its tortuosity occurred parallel to

the surface of pons and in 1 plane. In addition, the pressure perfusion

was not performed for MICROFILL polymer injections; instead,

manual perfusion was performed. However, extreme care was taken

to avoid the variations in the perfusion fixation among animals. In

this study, we used a referred dosage for the C57BL/6J strain, which

might not be the optimal dosage for the 129/SvEv strain and could be

a partial reason for differences. We performed neither bone marrow

transplant experiments nor quantitative loci trait analysis to charac-

terize VBD susceptibility between strains. We did not use any inflam-

mation or MMP inhibitors or gene knockout animals to identify the

roles of inflammation and MMPs in the pathogenesis of VBD. We

did not observe any MMP expression in the SV129 strain, which

could be related to the lower quantity (20 �g) of total protein used for

zymography experiments. A robust longitudinal study is critical in

elucidating the mechanisms of VBD pathobiology.

CONCLUSIONS
C57BL/6J mice demonstrated greater susceptibility to VBD in-

duction than SV129 mice.
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