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Article history: Moyamoya disease (MMD) is a chronic occlusive cerebrovascular disease with unknown
Accepted 7 November 2014 etiology that is characterized by the development of abnormal vascular networks at the
Available online 13 November 2014 base of the brain. Recent genome-wide studies identified RNF213 as an important MMD
Keywords: susceptibility gene. However, the exact mechanism by which the RNF213 abnormality leads
Moyamoya disease to MMD remains unknown. Thus, we sought to clarify the role of RNF213 in angiogenesis
RNF213 under ischemic conditions using conventional RNF213 knockout mice. We assessed the

infarction volume, cerebral edema, and vascular density in the ischemic brain after
transient middle cerebral artery occlusion (tMCAO). To further evaluate systemic angio-
genesis following chronic ischemia, we investigated blood flow recovery using laser
speckle flowmetry, the severity of ambulatory impairments, and vascular density in the
hind-limb after permanent femoral artery ligation. Results were compared between
homozygous RNF213 knockout mice (RNF213 -/-) and wild-type littermates (Wt). No
significant differences were observed in infarction volume or the formation of edema
following tMCAO, or in vascular density 28 days after tMCAO between RNF213 -/- and Wt.
Blood flow recovery was significantly improved in RNF213 -/- from 3 to 28 days after
femoral artery ligation, and angiogenesis as shown by vascular density in the hind-limb
was significantly enhanced in RNF213 -/- at 28 days. The amelioration of ambulatory
impairments was also evident in RNF213 -/-. Angiogenesis was enhanced in mice lacking
RNF213 after chronic hind-limb ischemia, which suggested the potential role of the RNF213
abnormality in the development of pathological vascular networks in chronic ischemia.
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1. Introduction

Moyamoya disease (MMD) is a progressive occlusive cerebro-
vascular disease that is characterized by bilateral steno-
occlusive changes at the terminal portion of the internal
carotid artery (ICA) and an abnormal vascular network at
base of the brain (Suzuki and Takaku, 1969). This abnormal
vascular network is expressed as ‘moyamoya’, a Japanese
expression- for something hazy such as a drifting puff of
cigarette smoke. This abnormal angiogenesis may be specific
to MMD because non-MMD patients exhibiting steno-
occlusive changes in the intracranial major arteries rarely
have collateral vessels similar to moyamoya vessels
(Yoshihara et al., 2008; Achrol et al,, 2009). Indirect revascu-
larization such as encephalo-duro- arterio-synangiosis is
commonly used in symptomatic MMD patients to achieve
successful angiogenesis and collateral growth in both adults
and children (Endo et al., 1989; Matsushima et al., 1989, 1992).
Few studies have demonstrated the efficacy of indirect
revascularization to enhance collateral angiogenesis in cases
of symptomatic, non-MMD intracranial atherosclerotic arter-
ial stenosis. Komotar and colleagues reported that this
procedure did not promote adequate pial collateral artery
development in patients with atherosclerotic occlusive cere-
brovascular diseases (2009).

Although the etiology of MMD remains unknown, recent
findings suggest the importance of genetic factors (lkeda
et al., 1999; Inoue et al., 2000; Yamauchi et al., 2000; Sakurai
et al,, 2004). A more recent genome-wide association study
identified the RNF213 gene (RNF213) in the 17g25-ter region as
a susceptibility gene for MMD (Kamada et al., 2011; Liu et al,,
2011; Wu et al., 2012). We previously reported that a single-
nucleotide polymorphism (SNP) of ¢.14576 G>A in RNF213
was detected in 95% of familial MMDs and 79% of sporadic
cases in Japan (Kamada et al., 2011). However, the mechan-
ism by which the SNP in RNF213 reads to MMD remains
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unknown. We hypothesized that SNP in RNF213 may be
related to abnormal angiogenesis under ischemic conditions.
More recently, SNP of ¢.14576 G> A in RNF213 was also found
in the non-MMD intracranial major artery stenosis/occlusion
(Miyawaki et al., 2013). Therefore, we investigated angiogenic
responses following transient focal cerebral ischemia in the
chronic stage in homozygous knockouts of RNF213 (RNF213
-/-) and wild-type littermates (Wt). To further evaluate sys-
temic angiogenesis after chronic ischemia, we examined
angiogenesis after permanent hind-limb ischemia at the
chronic stage in RNF213 -/- and Wt.

2. Results
2.1.  No significant difference in infarct volume after
tMCAO

Due to the absence of a favorable animal model for chronic
cerebral ischemia that reproducibly leads to angiogenesis at
the base of the brain, we employed transient middle cerebral
artery occlusion (tMCAO), which is generally accepted as an
acute stroke model.

The infarct volume was quantified in triphenyltetrazolium
chloride (TTC) -stained slices, and was 92.9 mm? in RNF213 -/-
and 97.7 mm? in Wt. No significant difference was observed
in the infarct volume 48 h after 90 min MCAO between Wt
and RNF213 -/- (p=0.62) (Fig. 1A).

2.2
tMCAO

No significant difference in edema formation after

Cerebral edema was quantified by water content in the brain,
and was 81.6% in RNF213 -/- and 82.5% in Wt. No significant
difference was observed in brain water content 24h after
90 min MCAO between Wt and RNF213 -/- (p=0.93) (Fig. 1B).
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Fig. 1 - The infarction volume and extent of cerebral edema after tMCAO. (A) Infarct volume was quantified in TTC-stained
slices. No significant difference was observed in the infarction volume between Wt and RNF213-/-. (B) Brain water content was
examined to assess the extent of cerebral edema. No significant difference was observed in the brain water content between
Wt and RNF213-/-. (tMCAO, transient middle cerebral artery occlusion; TTG, 2, 3, 5-triphenyltetrazolium chloride; Wt, wild-
type littermates; RNF213 -/-, homozygous RNF213 knockout mice; NS, not significant.).
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Fig. 2 - Vascular density in the cerebral parenchyma 28 days after tMCAO. (A) Representative micrographs of the boundary
area of infarct in Wt and RNF213-/-. Vascular endothelial cells were positively stained by the anti-CD31 antibody. (B) No
significant difference was observed in cerebral parenchymal vascular density between Wt and RNF213-/-.

2.3.  No significant difference in angiogenesis after tMCAO
To evaluate angiogenesis in the chronic state after tMCAO,
vascular density in the cerebral parenchyma was evaluated
by immunohistochemistry with an anti-CD31 antibody 28
days after 90 min MCAO (Zhang et al., 2000). Three out of six
mice in both Wt and RNF213 -/- survived 28 days after
tMCAO. The mortality rate in each group was 50%, respec-
tively. Parenchymal vascular density as indicated by CD31-
positive cells was 81.56 in RNF213 -/- and 82.5 in Wt. No
significant difference was observed in cerebral parenchymal
vascular density between Wt and RNF213 -/- (p=0.39)
(Fig. 2A-B).

2.4.  No significant difference in the expression of pro-
MMP-9 and MMP-9 after tMCAO

Gelatin zymography was performed on samples from
ischemic hemispheres to evaluate the level of pro-matrix
metalloproteinase (MMP)-9 and MMP-9 24h after 90 min
MCAO. pro-MMP-9 expression in the ischemic hemisphere
was elevated after tMCAO in both groups (Fig. 3A). The active
form of MMP-9 was detected in the ischemic hemisphere, but
not in the non-ischemic hemisphere (Fig. 3A). No significant
difference was observed in the level of pro-MMP-9 (p=0.84) or
MMP-9 (p=0.74) between Wt and RNF213 -/- (Fig. 3A-B).

2.5.  Blood flow recovered better in RNF213 -/- after
femoral artery ligation

No significant differences were observed in the responses to
transient cerebral ischemia between Wt and RNF213 -/-, as
described above. There was no chronic cerebral ischemia
model that was suitable for investigating angiogenic
responses in mice. One of the ideal animal models to mimic
human ischemic disease and evaluate angiogenesis in a
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reproducible manner is a hind-limb ischemia model
(Limbourg et al, 2009). Therefore, we adopted this model to
investigate angiogenesis after a chronic ischemic insult. We
measured serial blood flow in the hind-limbs of the same
animals using the LSF system over a period of 28 days. The
average perfusion in each foot was calculated. To correct
variables, including ambient light and temperature, calcu-
lated perfusion was expressed as a ratio of the ischemic to
non-ischemic limb. Blood flow in the ischemic limb gradually
recovered with time in both Wt and RNF213 -/- (Fig. 4A-B).
However, the recovery of blood flow was significantly better
in RNF213 -/- than in Wt. from 3 to 28 days after ligation
(Fig. 4A-B).

2.6.  Ambulatory impairments were milder in RNF213 -/-
after femoral artery ligation

We also assessed motor function in the ischemic hind-limb
by scoring ambulatory impairments. Motor functions
declined after femoral artery ligation, and improved with
time in Wt and RNF213 -/- (Fig. 5B). The ambulatory impair-
ment score was significantly better in RNF213 -/- (score 0.43)
than in Wt. (score 1.86) three days after ligation (p<0.001). It
was also significantly better in RNF213 -/- (score 0.14) than in
Wt. (score 1.00) seven days after ligation (p<0.01) (Fig. 5B).

2.7.  Angiogenesis was enhanced in RNF213 -/- after
femoral artery ligation

Angiogenesis after hind-limb ischemia was evaluated by
immunohistochemistry in the GC muscle with the anti-
CD31 antibody 28 days after the induction of ischemia
(Limbourg et al., 2009; Lu et al,, 2012; Tashiro et al,, 2012).
The density of CD31-positive cells was significantly higher in
RNF213 -/- (170.8 cells) than in Wt. (117.0 cells) (p<0.05),
which indicated that angiogenesis in the GC muscle was
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Fig. 3 - The expression of pro-MMP-9 and MMP-9 in the brain 24 h after tMCAO. (A) Representative photographs of gelatin
zymography in Wt, RNF213-/-, and control specimens from the non-ischemic hemisphere in Wt. pro-MMP-9 and MMP-9 were
detected as 105 and 97 kDa, respectively. (B) Semi-quantitative analysis of pro-MMP-9 expression. No significant difference
was observed between Wt and RNF213-/-. (C) Semi-quantitative analysis of MMP-9 expression. No significant difference was
observed between Wt and RNF213-/-. (MMP, matrix metalloproteinase; NS, not significant).

enhanced more in RNF213 -/- than in Wt. after chronic hind-
limb ischemia (Fig. 6A-B). We also performed immunohisto-
chemistry with an anti-CD34 antibody and anti-CD133 anti-
body to evaluate the angiogenesis as well as stem cell
expression (Fig. 6C), and the results were completely in
accordance with that of CD31.

2.8.  No significant difference in pro-MMP-9 expression
after femoral artery ligation

The expression of pro-MMP-9 three days after femoral artery
ligation was assessed by zymography. It increased after hind-
limb ischemia in both groups, while the active form of MMP-9
was not detected even after ischemia induction (Fig. 7A). No
significant difference was observed in the level of pro-MMP-9
between Wt and RNF213 -/- (p=0.275) (Fig. 7A-B).

3. Discussion

In the present study, we showed that angiogenesis under
chronic ischemic conditions was significantly better in mice
lacking the RNF213 gene than in Wt in the hind-limb ische-
mia model. Previous studies attempted to examine the role of
RNF213 in angiogenesis by using an in vitro model of MMD
(Hitomi et al,, 2013); however, our study is the first to examine
the contribution of the RNF213 abnormality to angiogenic
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responses in vivo. Based on our results, it is conceivable that
the SNP of ¢.14576 G> A in RNF213 in patients may lead to the
loss of RNF213 function, and could thereby enhance the
development of abnormal vascular networks after chronic
ischemia.

In our previous study, we showed that RNF213 -/- grew
normally until 64 weeks after birth, and did not develop the
pathological characteristics of MMD including steno-
occlusive changes in the ICA and an abnormal vascular
network at the base of the brain under normal physiological
conditions (Sonocbe et al.,, 2014). We also demonstrated that
both the intima and medial layers of the CCA were signifi-
cantly thinner in RNF213 -/- than in Wt 14 days after CCA
ligation, which suggested that the RNF213 abnormality may
affect vascular wall remodeling in the carotid arteries under
ischemic conditions, thereby leading to the characteristic
features of MMD (Sonobe et al., 2014). Medial layer thinness,
as found in this study, is known to be one of the intrinsic
histopathological characteristics of MMD (Cka et al., 1981,
Takagi et al., 2007b; Research Committee on the Pathology
and Treatment of Spontaneous Occlusion of the Circle of
Willis, 2012), and the thinness of the entire vascular wall
structure may even be considered to reflect the early mor-
phological changes of MMD, based on the most recent
constrictive remodeling theory of MMD as described by
Kaku et al, 2012. However, the mechanism by which the
RNF213 abnormality affects the development of abnormal
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Fig. 4 - LSF perfusion measurements after femoral artery ligation. (A) Representative serial color-coded perfusion images
before surgery (pre), immediately after ligation (0), and three days (3) and 28 days (28) after surgery in Wt and RNF213-/-,
(B) Blood flow gradually recovered in the ischemic limb with time in both Wt and RNF213-/-. The recovery of blood flow was
significantly better in RNF213-/- than in Wt from 3 to 28 days after ligation. (LSF, laser speckle flowmetry; **p<0.01,

***p<0.001.).
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4, spontaneocus movement
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Fig. 5 - Severity of ambulatory impairments after femoral artery ligation. (A) The severity of ambulatory impairments was
evaluated by the following scoring: 0, normal response (plantar/toe flexion in response to tail traction); 1, plantar, but not toe
flexion; 2, no plantar or toe flexion; 3, dragging of the foot; 4, spontaneous movement of the non-ischemic hind-limb.

(B) Motor functions declined after femoral artery ligation, and improved with time in both Wt and RNF213-/-. Deficits were
significantly milder in RNF213-/- than in Wt three and seven days after ligation. (*p<0.05, **p<0.01.).

vascular networks, the so-called ‘moyamoya vessels’, in MMD
has not yet been determined.

The development of moyamoya vessels is generally con-
sidered to be an abnormal angiogenic response to chronic
ischemia due to bilateral ICA steno-occlusive changes in
MMD (Research Committee on the Pathology and Treatment
of Spontaneous Occlusion of the Circle of Willis, 2012). Thus,
we compared angiogenic responses to ischemic insults
between RNF213 -/- and Wt in the present study. We have
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previously attempted to establish chronic brain hypoperfu-
sion model by bilateral ICA occlusion, but it was the case of
CD1 strain mice instead of C57BL/6 (Murakami et al,, 1998).
Regarding C57 BL/6 background mice used in this study, we
failed to establish favorable chronic brain hypoperfusion
model. In fact, it was reported that C57 BL/6 strain is most
susceptible to cerebral ischemia following bilateral carotid
artery occlusion, and showed extremely high mortality rate
(Yang et al., 1997). Due to the absence of a favorable mice



