


CBF did not significantly change after Ang-(1-7) adminis-
tration in all groups, and multiple comparison analysis showed
no significant intergroup difference (data not shown). We
assessed the effect of Ang-(1-7) administration on cognitive
function with BCAS-treated mice. There was no significant
difference between Ang-(1-7)–administered mice and vehicle-
treated mice in all groups with MWM test. The reason we did
not observe any preventive effects of Ang-(1-7) on cognitive
function is the duration of Ang-(1-7) treatment. We adminis-
tered Ang-(1-7) from 2 weeks after BCAS operation to avoid
inflammatory effects of pump replacement because we used a
minipump for 4 weeks of treatment. Further analysis is
necessary to confirm of the effect of Ang-(1-7) treatment
(Figure 5).

Discussion
This study showed that deficiency of the Mas receptor
did not worsen cognitive function in vascular dementia
model mice. Moreover, the degree of deterioration in
cognitive function was significantly smaller than that in WT
mice.

In general, the ACE2/Ang-(1-7)/Mas axis is believed to be
an organ-protective axis and is expected to provide a
beneficial effect on cognitive function in the brain. However,
the role of the Mas receptor in the central nervous system is
not clearly understood and there remains controversy

concerning its effect on memory and other cognitive function.
The total number of arm entries was significantly lower in
MasKO-sham mice than WT-sham and DKO-sham mice.
AT2KO mice also exhibited lower spontaneous locomotive
activity than DKO-sham mice. However, there was no
significant difference among BCAS-treated mouse groups.
Spontaneous locomotive activity is associated with the
function of amygdala and could be influenced by emotional
conditions such as fear and anxiety. MasKO mice were
reported to present increased anxiety and contextual fear
memory.11,15 Similarly, anxiety-like behavior in AT2KO mice
has also been reported.16 We believe these behavioral
phenotypes could affect the spontaneous activity, but do
not yet have enough evidence to understand the mechanism.
As the baseline performance is different in AT2KO and DKO
mice, we should take this into account when interpreting the
results of behavioral tests. In 1998, Walther et al11 reported
that MasKO mice show increased LTP, and reasonably
asserted that the Mas receptor is a memory suppressor.
Yet, they failed to show a difference in cognitive function
between WT and MasKO mice with the MWM test. Later, their
team found that Ang-(1-7) enhanced LTP in the hippocampus
in WT mice but not in MasKO mice.7 We assumed that the
function of the ACE2/Ang-(1-7)/Mas axis becomes more
obvious in pathological conditions such as a dementia model.
Because Ang-(1-7) is reported to be formed in vascular
endothelial cells and has the potential to increase CBF,17 we

Figure 4. Effect of bilateral common carotid artery stenosis (BCAS) on cell number and proliferation in dentate gyrus. The hippocampus was
histologically examined with hematoxylin-eosin staining. A, Representative images and total cell number of cornu ammonis area 1 of
hippocampus in wild-type mice (WT) and Mas receptor knockout mice (MasKO). B, Representative images and total cell numbers of dentate
gyrus (DG) in the hippocampus in WT and MasKO. *P<0.05 vs WT-sham (n=4–5 for each group). C, Representative images of
immunohistochemistry in the subgranular zone (SGZ) in WT and MasKO mice. There was no significant difference in number of doublecortin
(DCX)-positive cells in the SGZ (n=4–6 for each group). DKO indicates Mas/angiotensin receptor type 2 double knockout mice.
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decided to use a vascular dementia mouse model to assess
the effects.

In this study, mean CBF was significantly reduced in
MasKO mice with BCAS, and there was no significant
difference to that in WT-BCAS mice. We assessed the CBF
changes at 4 different timepoints after BCAS treatment (just
after or 1, 2, or 4 weeks after the surgery). Overall, there was
no significant difference in the percentile changes in CBF
among all groups (data not shown). Long-term reduction in
CBF is reported to impair neuronal function,18 but MasKO
mice did not show inferior performance in both the Y-maze
test and the MWM test, in contrast to WT mice. In spite of the
cerebral hypoperfusion, we could not detect significant
changes in histological analysis in MasKO mice. We also did
not observe a significant difference in mRNA expression of
inflammatory cytokines, which are believed to be related to
cognitive function. Moreover, we did not detect changes of
gliosis evaluated by glial fibrillary acidic protein immunohis-
tochemistry among WT, MasKO, and DKO-BCAS mice in the
brain after 6 weeks of BCAS operation (data not shown).
Kluver-Barrera staining also did not show a significant
difference in the severity of white matter lesions as evaluated
in a previous report among BCAS-treated groups (Figure S2).14

To investigate the reason for this resilience to ischemia, we
focused on the amount of neurogenesis in the hippocampus.
Freund et al19 reported that Mas deficiency resulted in an
increase in the number of DCX-positive cells in the dentate
gyrus, and discussed the possibility that increased

neurogenesis leads to enhanced LTP in MasKO mice.
However, no significant difference was seen in the number
of DCX-positive cells between WT and MasKO mice. More-
over, DCX-positive cells tended to decrease in MasKO after
BCAS. The discordance with the previous report might be
attributable to the different scanned area (whole brain or
single slice) and relatively smaller sample size of MasKO-
sham. In any case, neurogenesis does not seem to fully
explain the maintenance of cognitive function in MasKO.

Another conceivable mechanism is that deletion of the Mas
receptor altered the balance of other RAS components and
provided a beneficial effect indirectly. In this study, mRNA
expression of the AT1 and AT2 receptors was not significantly
affected by deficiency of the Mas receptor. On the other hand,
the expression of Mas receptor was significantly higher in
AT2KO mice than in WT mice after BCAS treatment. So, we
assumed that unbound Ang-(1-7), which was caused by Mas
deletion, could act as a ligand for other receptors. Generally,
Ang-(1-7) has been believed to be a specific ligand for the Mas
receptor. However, there is a report that shows it has
relatively higher binding affinity to the AT2 receptor rather
than the AT1 receptor.20 Leonhardt et al21 reported the
functional interaction between AT2 and Mas receptor showing
the evidence of heterodimerization with fluorescence reso-
nance energy transfer technology. They also reported their
functional dependence in mouse astrocytes. According to the
report, the lack of one receptor impairs the other receptor’s
response to its ligand. We previously reported that Ang-(1-7)
administration reduced neointimal formation in injured arter-
ies, through both Mas and AT2 receptor stimulation.22 In
addition, we previously reported that direct AT2 receptor
stimulation prevents cognitive decline after BCAS.4 Accord-
ingly, we assumed that unbound Ang-(1-7) could activate the
AT2 receptor and maintain cognitive function in MasKO mice.
To test this hypothesis, we administered Ang-(1-7) to WT,
MasKO, AT2KO, and DKO mice. As a result, Ang-(1-7) did not
affect BP or CBF (please see Supplemental Table S2). A
statistically significant difference between MasKO and DKO
mice with Ang-(1-7) administration was only seen in the MWM
test. This means that the combination of activated AT2
receptor and Mas receptor deficiency could be an effective
way to preserve spatial learning.

Angiotensin-converting enzyme inhibition works not only
on the reduced conversion of Ang I to Ang II, which blocks AT1
receptor signaling, but also on the increased conversion of
Ang-(1-9) to Ang-(1-7), enhancing organ-protective effects.
Therefore, it has been suggested that the vasoconstrictive/
proliferative actions by Ang II of Ang-(1-7) depends on the
angiotensin-converting enzyme/ACE2 ratio balance.5 WT-
BCAS mice administered perindopril at the dose of 1 mg/kg
per day in drinking water after 2 weeks from BCAS treatment
showed better cognitive function than those administered

Figure 5. Effect of Ang-(1-7) on cerebral blood flow and
cognitive function. Effect of Ang-(1-7) was estimated with the
Morris water maze test. All mice underwent bilateral common
carotid artery stenosis (BCAS) surgery before drug administration.
The mean escape latency did not significantly change between
sham mice and BCAS-treated mice among all groups. (n=8–14 for
each group). *P<0.05 vs Mas receptor knockout mice (MasKO)–
BCAS with vehicle. †P<0.05 vs MasKO-BCAS with Ang-(1-7).
AT2KO indicates angiotensin II type 2 receptor knockout mice;
DKO, Mas/angiotensin II type 2 receptor double knockout mice;
WT, wild-type mice.
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normal drinking water (data not shown). Therefore, angioten-
sin-converting enzyme inhibition may have potent or diverse
strengths related to enzyme inhibition or AT1 receptor
blockade.

Taking all of these results into account, we conclude that
Mas receptor deficiency has a beneficial effect on vascular
cognitive impairment, and this protective effect is only
brought about under the existence of the AT2 receptor. Since
the mechanistic insights remain limited, focusing more on
dose-response relationships, sex differences, pretreatment
versus posttreatment, and use of aged mice could help us
understand the detailed mechanisms in future studies.
However, we believe this study creates a stir in the
comprehension of the ACE2/Ang-(1-7)/Mas axis in the
central nervous system.

Conclusions
We demonstrated that Mas receptor deficiency brought about
a beneficial effect on cognitive function in a vascular cognitive
impairment mouse model in which the AT2 receptor was
preserved. This result could enable us to think about brain
protection from another viewpoint.
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SUPPLEMENTAL MATERIAL 
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Data S1. 

 

Methods 

Body weight, brain weight and blood pressure 

Body weight and brain weight were measured at 16-week-old. Blood pressure was 

measured by the tail-cuff method with a blood pressure monitor (MK-2000ST NP-NIBP 

MONITOR, Muromachi Kikai Co., Ltd., Tokyo, Japan), before entering the cognitive 

tasks. Values were expressed as the mean of at least five measurements in each group. 

 

Severity of the white matter lesion 

Severity of the white matter lesion was evaluated with Klu¨ver-Barrera (KB) staining. 

Brain samples were embedded in paraffin and sliced into 5-μm-thick coronal sections. 

We evaluated the white matter changes in corpus callosum area adjacent to the lateral 

ventricle with KB staining. Samples were examined with an upright microscope 

(Axioskop 2, Carl Zeiss, Oberkochen, Germany) at x200 magnification. 

 

Time-course analysis of CBF changes after BCAS surgery 

Time-course of changes in cerebral blood flow (CBF) after BCAS surgery was measured 

by laser speckle flowmetry (Omegazone laser speckle blood flow imager; Omegawave, 
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Tokyo, Japan). CBFs were measured at the point of 0, 1, 2, 4 and 6 weeks after the BCAS 

and the percentage to the baseline was indicated in all mouse groups. 

 

Statistical Analysis 

All values are expressed as mean±SEM. Comparisons between two groups were 

analyzed using Levene's test for equal variances then Students (equal variances) or 

Welch's (unequal variances) t-test as appropriate. Comparisons between three or more 

groups were analyzed using ANOVA then, when significant differences were indicated, 

were followed by post-hoc pairwise comparisons using Tukey-Kramer method to adjust 

for multiple hypothesis testing. For each experiment the overall significance threshold 

was set to 0.05. Statcel 3 (OMS Inc., Japan), add-in software for Microsoft Excel was 

used for statistical analysis. 
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Table S1. Body weight, brain weight and systolic blood pressure in each group. 

 
 BCAS 

(+ / -) 

Body weight 

(g) 

Brain weight 

(g) 

Brain/Body 

weight ratio(%) 

Systolic blood 

pressure(mmHg) 

WT - 26.9±0.4 0.45±0.008 1.62±0.03 105.3±4.1 

+ 27.6±0.4 0.44±0.008 1.62±0.03 110.7±2.8 

MasKO - 29.3±0.7* 0.48±0.004 1.63±0.03 102.6±3.4 

+ 28.3±0.5 0.47±0.008 1.67±0.04 112.0±5.9 

DKO - 28.2±0.5 0.46±0.007 1.61±0.03 109.8±5.9 

+ 28.7±0.4 0.45±0.011 1.61±0.03 124.8±2.1† 

*p<0.05 vs. WT-sham. †p<0.05 vs. DKO-sham. 
 
 
 
 
 
Table S2. Body weight, brain weight and systolic blood pressure according to Ang-(1-7) 

treatment. 

 
 Ang-(1-7) 

(0.5 mg/kg/day) 

Body weight 

(g) 

Brain weight 

(g) 

Brain/Body  

weight 

ratio(%) 

Systolic blood 

pressure(mmHg) 

WT - 26.7±1.2 0.43±0.009 1.64±0.06 113.8±7.2 

+ 26.8±0.8 0.42±0.005 1.60±0.05 121.0±5.1 

MasKO - 28.3±0.7 0.44±0.011 1.57±0.04 107.8±5.2 

+ 28.9±0.6 0.46±0.005 1.60±0.03 115.1±2.5 

AT2KO - 27.1±1.4 0.43±0.009 1.61±0.06 103.6±3.8 

+ 26.5±1.0 0.42±0.010 1.61±0.04 97.0±4.7 

DKO - 28.4±0.5 0.45±0.007 1.61±0.03 107.5±1.9 

 + 28.1±0.5 0.45±0.002 1.61±0.03 104.8±3.1 
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Figure S1.  

Time-course analysis of CBF changes after BCAS surgery. A, The percentage to the 

baseline CBF at the point of 0, 1, 2, 4 and 6 weeks after the BCAS surgery is indicated 

(n=6-11 for each group). *p<0.01 vs. WT and MasKO. B, The area under the curve in the 

time-course graph is calculated with trapezoidal method in each group. WT, wild type 

mice; MasKO; Mas receptor knockout mice; AT2KO; AT2 receptor knockout mice; DKO, 

Mas/AT2 receptor double-knockout mice. 
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Figure S2.  

Severity of the white matter lesion. The demyelinating changes in the white matter 

lesion are determined with Klu¨ver-Barrera staining. The severity of the WM lesions was 

graded as normal (grade 0), disarrangement of the nerve fibers (grade 1), the formation 

of marked vacuoles (grade 2), and the disappearance of myelinated fibers (grade 3). A, 

Representative brain images with Kluver-Barrera staining in the corpus callosum level. 

B, Averaged severity scores are indicated. The score is significantly higher in BCAS 
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treated groups compared to the sham groups in each group, but there is no significant 

inter-group difference (n=3-6 for each group). WT, wild type mice; MasKO; Mas receptor 

knockout mice; AT2KO; AT2 receptor knockout mice; DKO, Mas/AT2 receptor double-

knockout mice. 
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