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Background: Cerebral blood flow (CBF) has direct effects on neuronal function and neu-
rocognitive disorders. Oxidative stress from abdominal aortic surgery is important in the 
pathophysiology of CBF impairment. We investigated the effect of edaravone on the pial 
arteriolar diameter changes induced by abdominal aortic surgery and the involvement of 
the endothelium in the changes. 
Methods: The closed cranial window technique was used in rabbits to measure changes in 
pial arteriolar diameter after the unclamping of abdominal aortic cross-clamping with an 
intravenous free radical scavenger, edaravone (control group [n = 6], edaravone 10 μg/kg/ 
min [n = 6], 100 μg/kg/min [n = 6]). Pial vasodilatory responses to topical application of 
acetylcholine (ACh) into the cranial window were investigated before abdominal aortic 
cross-clamping and after unclamping with intravenous administration of edaravone (con-
trol group [n = 6], edaravone 100 μg/kg/min [n = 6]).
Results: Aortic unclamping-induced vasoconstriction was significantly attenuated by con-
tinuous infusion of edaravone at 100 μg/kg/min. Topical ACh after unclamping did not pro-
duce any changes in pial arteriolar responses in comparison to before aortic cross-clamping 
in the control or edaravone groups. The changes in the response to topical ACh after un-
clamping in the saline and edaravone groups did not differ significantly.
Conclusions: Free radicals during abdominal aortic surgery might have contracted cere-
bral blood vessels independently of endothelial function in rabbits. Suppression of free 
radicals attenuated the sustained pial arteriolar vasoconstriction after aortic unclamping. 
Thus, the free radical scavenger might have some brain protective effect that maintains 
CBF independently of endothelial function. 

Keywords: Cerebrovascular circulation; Edaravone; Endothelium; Free radical scavengers; 
Reperfusion injury; Vascular surgical procedures.

Introduction 

Aortic cross-clamping during open aneurysmectomy elevates systemic blood pressure 
and decreases cardiac output [1]. 
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Aortic unclamping decreases systemic blood pressure and car-
diac output and increases pulmonary arterial pressure [1]. Such 
hemodynamic instability has the potential to affect cerebral circu-
lation and induce neurological complications [2–5]. The inci-
dence of delirium after elective abdominal aortic aneurysm 
(AAA) repair is reported as 30–54% [6–8]. Postoperative cogni-
tive dysfunction (POCD) occurs in 0–62% of patients undergoing 
abdominal aortic surgery [7,9]. Advanced age [3,5,9–12], baseline 
neurocognitive function [3–6,9,10,12], smoking [4–6,9], and open 
aortic repair [3–5] have been identified as risk factors for both de-
lirium and cognitive dysfunction after abdominal aortic surgery. 

Acute delirium has been associated with a significant reduction 
in regional and global cerebral blood flow (CBF) [13]. Early 
POCD after major noncardiac surgery is secondarily associated 
with impaired intraoperative CBF autoregulation in the elderly 
[14]. Maintenance of adequate CBF and cerebral metabolism is 
vital for the preservation of cognitive function [2,15]. We previ-
ously reported that abdominal aortic unclamping induced tran-
sient dilation of pial arterioles followed by sustained constriction, 
as assessed using rabbits [16–18]. CBF changes induced by ab-
dominal aortic unclamping may be involved in postoperative 
neurological complications. 

In addition to changes in CBF, oxidative stress may also be in-
volved in perioperative neurocognitive disorders [19]. Under 
ischemic conditions, the metabolism of adenosine triphosphate 
generates oxygen-derived free radicals [1,20]. Oxygen free radical 
production increases from the completion of proximal anastomo-
sis, reaches a maximum at 5 min after reperfusion, then gradually 
decreases [21]. Free radicals mediate tissue injury following 
post-ischemic reperfusion [22]. Peripheral oxidative stress may 
provoke microcirculatory dysfunction and compromise cerebral 
perfusion via dysregulation of blood-brain barrier integrity and 
activation of the endothelium, ultimately leading to the develop-
ment of POCD [23]. Localized oxidative stress and reactive oxy-
gen species have a strong impact on endothelial dysfunction, 
which disturbs proper perfusion and CBF [24]. 

Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one), which is 
known to be a free radical scavenger, is used in the treatment of 
acute stroke [25]. Edaravone inhibits lipid peroxidation by scav-
enging free radicals and exerts neuroprotective effects by inhibiting 
oxidative damage to the cerebrovascular endothelium and brain 
cells [26,27]. Pretreatment with edaravone significantly reduces the 
incidence of cognitive impairment after carotid endarterectomy 
[28]. Edaravone may also decrease the expression of pro-inflam-
matory cytokines, alleviate surgery-induced neuroinflammation, 
and reduce disruption of the blood-brain barrier [29]. 

We hypothesized that free radical scavenging would improve 

CBF changes after the unclamping of aortic cross-clamping. The 
objective of the present study was to investigate, using rabbits fit-
ted with a cranial window, the effects of edaravone on the pial ar-
teriolar diameter changes induced by abdominal aortic clamping. 
We also investigated the involvement of the endothelium in the 
cerebral arteriolar response caused by abdominal aortic un-
clamping. 

Materials and Methods 

The experimental protocols were approved by the Institutional 
Committee for Animal Care of Gifu University Graduate School 
of Medicine (Protocol No. 20-84). The experiments were per-
formed using 30 anesthetized rabbits weighing 2.0–2.2 kg. Each 
animal was initially anesthetized with pentobarbital sodium (25 
mg/kg intravenously) and maintained by inhalation of 0.5% iso-
flurane. Mechanical ventilation was administered through a tra-
cheotomy tube using oxygen-enriched room air to maintain an 
inspiratory oxygen concentration of approximately 50%. The tidal 
volume and respiratory rate were adjusted to maintain the 
end-tidal carbon dioxide tension (PETCO2) at 35–40 mmHg, with 
PETCO2 monitored throughout the experiment. Polyvinyl chloride 
catheters were placed in the femoral vein for the administration of 
fluid (lactated Ringer’s solution: 5 ml/kg/h) and in the right axil-
lary and left femoral arteries for the continuous monitoring of 
proximal and distal aortic pressures (PrAP and DiAP) and heart 
rate (HR), and for blood sampling (from the right axillary artery). 
The rectal temperature was maintained at 38.5–39.5°C with a 
heating blanket and a warming lamp. An incision was made in the 
skin of the lateral abdomen. The aorta was then taped just distal 
to the renal arteries for clamping.  

A closed cranial window was used to observe the cerebral pial 
microcirculation. Each animal was placed in the sphinx posture, 
the scalp was retracted, and a 10-mm-diameter hole was created 
in the parietal bone. The dura and arachnoid membranes were 
opened carefully, and a ring with a glass coverslip was placed 
over the hole and secured using dental acrylic. The space under 
the window was filled with artificial cerebrospinal fluid (aCSF), 
the components of which were Na+ 157 mEq/L, K+ 3 mEq/L, Ca2+ 
3 mEq/L, Mg2+ 1.3 mEq/L, Cl- 139 mEq/L, HCO3

- 25 mEq/L, 
urea 40 mg/dl, and glucose 67 mg/dl (pH was adjusted to 7.48). 
This solution was freshly prepared 4 h before use and bubbled 
with 5% CO2 in air at 39.0°C for 15 min just before use. Four 
catheters were inserted into the ring. One was attached to a res-
ervoir bottle containing aCSF to maintain a constant pressure of 
5 mmHg in the window; the second was used to monitor the 
pressure in the window; the third was for the administration of 
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experimental drugs and aCSF; and the fourth for draining the 
fluid. The temperature within the window was monitored using a 
thermometer (model 6510; Mallinckrodt Medical, USA) and was 
kept at 38.5–39.5°C. 

Experiment 1 

Rabbits (n =  18) were assigned to one of three groups as fol-
lows; systemic saline administration group (control group, n =  6) 
or systemic edaravone administration groups (E10 group, 10 μg/
kg/min, n =  6; E100 group, 100 μg/kg/min, n =  6). All experi-
ments were performed after at least 30 min of recovery from the 
surgical preparation. After each baseline pial arteriolar diameter 
measurement was made, each rabbit was administered saline 
(control group) or edaravone (E10 or E100 group) by intrave-
nous infusion. All infusions continued throughout the experi-
ment. The total doses of edaravone in the E10 and E100 groups 
were 2 mg and 20 mg, respectively. Fifteen minutes after the start 
of infusion, aortic clamping was performed for 20 min. The 
clamping and unclamping were performed gradually (each tak-
ing approximately 30 s) to minimize systemic hemodynamic 
changes. Measurements of two large (75–130 μm) and two small 
(40–75 μm) cerebral pial arteriolar diameters, hemodynamic 
variables (PrAP, DiAP, and HR), and various physiological vari-
ables (rectal temperature, intra-window temperature, arterial 
blood gas tensions, electrolytes, blood glucose, and blood pH) 
were performed at the following time points: immediately before 
the start of infusion, just before aortic clamping (pre-clamp), im-
mediately after aortic clamping (after clamp), 20 min after 
clamping (before unclamping), and at 0, 2, 5, 15, 30, and 60 min 
after unclamping. The time point “0 min after unclamping” was 
actually 30 s after the start of unclamping, which took approxi-
mately 30 s to perform. 

Experiment 2 

Rabbits (n =  12) were assigned to one of two groups; systemic 
saline administration group (control group, n =  6) or systemic 
edaravone administration group (100 μg/kg/min, n =  6). After 
each baseline pial arteriolar diameter measurement was made, 
each rabbit was administered saline or edaravone by intravenous 
infusion. All infusions continued throughout the experiment. The 
total dose of edaravone was 33 mg. Fifteen minutes after the start 
of the infusion, 10-6 M acetylcholine (ACh) was infused under the 
window for 5 min at a rate of 0.5 ml/min. To reestablish the base-
line vessel diameters, the window was continuously flushed with 
aCSF at 0.25 ml/min for 25 min. Then, 10-5 M ACh was topically 

administered into the window for 5 min at a rate of 0.5 ml/min, 
and the window was continuously flushed with aCSF at 0.25 ml/
min for 25 min. Aortic clamping was performed for 20 min. 
Clamping and unclamping were performed gradually (each tak-
ing approximately 30 s to perform). At 60 min after unclamping, 
10-5 M ACh was topically administered into the cranial window at 
0.25 ml/min for 5 min. Measurements of two cerebral pial arterio-
lar (35–160 μm) diameters, hemodynamic variables (PrAP, DiAP, 
and HR), and physiological variables (rectal temperature, in-
tra-window temperature, arterial blood gas tensions, electrolytes, 
blood glucose, and blood pH) were taken at the following time 
points: immediately before the start of topical administration, af-
ter the topical administration of ACh (10-6 or 10-5 M) for 5 min, at 
60 min after unclamping, and at 5 min after the second adminis-
tration of 10-5 M ACh. 

The pial arterioles were measured in each cranial window using 
a videomicrometer (Model VM-20; Flovel, Japan) on a television 
monitor, which received pictures from a microscope (Model 
SHZ-10; Olympus, Japan). The data from the pial views were 
stored on videotape for subsequent playback and analysis. The 
percentage changes recorded for individual arteriolar segments 
were averaged for each type (large or small) of vessel in each rab-
bit, and this average value was used in the statistical analysis. 

Statistical analysis 

In experiment 1, all variables used to assess the time-dependent 
effects within groups were tested using one-way analysis of vari-
ance (ANOVA) for repeated measurements, followed by the 
Tukey-Kramer test for post hoc comparisons. The differences be-
tween groups were examined using two-way ANOVA followed by 
one-way ANOVA for factorial measurements and an unpaired 
t-test with Bonferroni correction. In experiment 2, all variables 
used to assess the dose-dependent effects of ACh and the effects 
of abdominal aortic clamping within groups were tested using 
one-way ANOVA for repeated measurements followed by the 
Tukey-Kramer test for post hoc comparisons. Differences between 
groups were examined using an unpaired t-test. Statistical signifi-
cance was set at P <  0.05. All values are presented as the mean ±  
standard deviation (SD).   

Results 

The effect of edaravone on the pial arteriolar diameter 
changes induced by aortic clamping and unclamping 

In experiment 1, there were no significant differences in base-
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line hemodynamic or physiological variables between the three 
groups. Rectal and intra-window temperatures did not vary 
throughout the experiments in any group. PaO2, Na+, K+, and 
blood glucose levels were stable at all stages of the experiment in 
all groups (data not shown). In all groups, PrAP decreased signifi-
cantly at 0 min after unclamping, and the DiAP value after clamp-
ing was significantly decreased compared to the baseline value. 
Both PrAP and DiAP recovered after unclamping. However, HR 
did not show significant changes in any group during the experi-
ment (Table 1). In all groups, the arterial pH decreased signifi-
cantly at 0 and 2 min after unclamping, and PaCO2 significantly 
increased at 0 and 2 min after unclamping (Table 2). 

There were no significant differences between the groups in the 
baseline diameters of the large and small arterioles. For large pial 
arterioles, the diameters in all groups showed significant increases 
just after unclamping (control, 5.6% ±  2.8%, P =  0.041; E10, 6.7% 

±  2.0%, P =  0.005; and E100, 6.4% ±  1.3%, P <  0.001). Diame-
ters then decreased significantly, starting at 5 min after unclamp-
ing in the control group (P =  0.023), and at 15 min after un-
clamping in the E10 (P =  0.032) and E100 (P =  0.007) groups. 
The decreases in diameter remained significant (and, indeed, ap-
peared to still be constricted) at 60 min after unclamping (control, 
–17.1% ±  4.3%, P <  0.001; E10, –13.2% ±  2.9%, P <  0.001; and 
E100, –7.9% ±  1.8%, P <  0.001). In the E100 group, but not in 
the E10 group, the decrease in diameter was significantly smaller 
than in the control group (15 min, P =  0.024; 30 min, P =  0.015; 
and 60 min, P <  0.001) (Fig. 1). For the small pial arterioles, the 
diameters in all groups showed significant increases at 0 and 2 
min after unclamping (maximum increase: control, 10.0% ±  
3.9%, P =  0.024; E10, 8.4% ±  3.7%, P=  0.001; and E100, 11.6% 
±  1.7%, P <  0.001). Diameters then decreased significantly, start-
ing at 15 min after unclamping in all groups (control, P <  0.001; 

Table 1. Time Course of Hemodynamic Changes in Experiment 1

Variable
Time after unclamp (min)

Baseline Pre-clamp After clamp Pre-unclamp 0 2 5 15 30 60
PrAP (mmHg)
  Control 95 ±  9 96 ±  11 98 ±  7 99 ±  12 83 ±  6* 93 ±  11 95 ±  9 95 ±  7 96 ±  8 95 ±  9
  Edaravone-10 92 ±  10 91 ±  10 93 ±  10 93 ±  10 84 ±  6* 88 ±  8 92 ±  10 92 ±  11 91 ±  10 92 ±  9
  Edaravone-100 92 ±  7 92 ±  6 93 ±  8 94 ±  5 82 ±  5* 87 ±  4 94 ±  6 95 ±  5 94 ±  7 95 ±  6
DiAP (mmHg)
  Control 94 ±  10 97 ±  11 19 ±  3* 19 ±  4* 83 ±  5* 91 ±  11 95 ±  10 95 ±  8 98 ±  8 97 ±  10
  Edaravone-10 91 ±  10 90 ±  10 18 ±  2* 18 ±  2* 83 ±  6* 87 ±  8 91 ±  10 91 ±  11 91 ±  11 91 ±  9
  Edaravone-100 92 ±  7 92 ±  7 18 ±  3* 18 ±  4* 82 ±  5* 87 ±  6 92 ±  8 94 ±  3 94 ±  6 94 ±  5
HR (beats/min)
  Control 256 ±  22 257 ±  22 253 ±  18 252 ±  17 261 ±  19 260 ±  19 259 ±  17 257 ±  17 259 ±  16 259 ±  14
  Edaravone-10 247 ±  9 246 ±  12 250 ±  12 243 ±  8 256 ±  10 257 ±  17 259 ±  14 253 ±  13 250 ±  14 244 ±  11
  Edaravone-100 250 ±  22 253 ±  20 253 ±  17 245 ±  18 257 ±  17 258 ±  25 254 ±  22 252 ±  19 250 ±  22 246 ±  26
Values are presented as mean ± SD. PrAP: mean proximal aortic pressure (mean arterial pressure obtained from the axillary artery), DiAP: mean 
distal aortic pressure (mean arterial pressure obtained from the femoral artery), HR: heart rate. *P < 0.05, versus baseline value in the same group.

Table 2. Time Course of Physiological Variables Changes in Experiment 1

Variable
Time after unclamp (min)

Baseline Pre-clamp After clamp Pre- 
unclamp 0 2 5 15 30 60

pH
  Control 7.37 ±  0.02 7.38 ±  0.01 7.37 ±  0.02 7.38 ±  0.02 7.30 ±  0.02* 7.31 ±  0.01* 7.35 ±  0.02 7.37 ±  0.01 7.37 ±  0.01 7.38 ±  0.01
  Edaravone-10 7.37 ±  0.02 7.37 ±  0.03 7.38 ±  0.02 7.37 ±  0.03 7.31 ±  0.03* 7.32 ±  0.02* 7.36 ±  0.01 7.37 ±  0.01 7.38 ±  0.01 7.38 ±  0.01
  Edaravone-100 7.37 ±  0.01 7.37 ±  0.01 7.37 ±  0.01 7.37 ±  0.01 7.31 ±  0.01* 7.31 ±  0.01* 7.36 ±  0.01 7.37 ±  0.02 7.37 ±  0.02 7.37 ±  0.01
PaCO2 (mmHg)
  Control 38.2 ±  1.3 37.9 ±  1.6 38.5 ±  0.4 37.0 ±  0.3 42.0 ±  1.4* 41.6 ±  1.1* 38.6 ±  0.9 38.7 ±  0.9 39.0 ±  0.8 39.2 ±  0.8
  Edaravone-10 37.9 ±  0.9 38.7 ±  1.2 38.0 ±  0.3 37.3 ±  0.7 42.6 ±  1.9* 41.3 ±  1.0* 38.5 ±  1.3 38.5 ±  1.0 38.5 ±  0.8 38.5 ±  1.1
  Edaravone-100 38.9 ±  0.6 38.5 ±  0.6 38.5 ±  0.4 37.6 ±  1.0 43.1 ±  0.7* 41.0 ±  1.1* 39.2 ±  0.5 38.3 ±  1.3 38.6 ±  1.5 38.7 ±  0.7
Values are presented as mean ± SD. PaCO2: partial pressure of arterial carbon dioxide. *P < 0.05, versus baseline value in the same group.
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E10, P =  0.001; and E100, P =  0.041). The decreases in diameter 
remained significant (and, indeed, appeared to still be constrict-
ed) at 60 min after unclamping (control, –27.3% ±  6.8%, P <  
0.001; E10, –20.9% ±  2.4%, P <  0.001; and E100, –10.0% ±  4.8%, 
P <  0.001). In the E100 group, but not in the E10 group, the de-
crease in diameter was significantly smaller than in the control 
group (15 min, P =  0.018; 30 min, P =  0.005; and 60 min, P <  
0.001) (Fig. 2). 

The effect of topical ACh administration on the 
edaravone-induced diameter changes in the pial 
arterioles 

In the first experiment, edaravone suppressed the decreases in 
vessel diameter after unclamping in both the large and small arte-
rioles. Next, we investigated whether vascular endothelial func-
tion was involved in the edaravone-induced attenuation of the de-
crease in pial arteriolar diameters after unclamping. In the second 
experiment, we investigated the average percentage change in the 
diameters of large and small pial arterioles. We initially examined 
the arteriolar response to ACh (an endothelium-dependent vaso-

dilator) administered through the cranial window before aortic 
clamping. There were no significant differences in the hemody-
namics at baseline or after the topical administration of ACh in 
either group (Table 3). As in the first experiment, the cerebral pial 
arterioles dilated transiently just after unclamping and then con-
stricted gradually up to 60 min after unclamping. All percentages 
represent changes in diameter with respect to the diameter imme-
diately before the topical administration of ACh. In the control 
group, the cerebral pial arteriolar diameters were not significantly 
changed by the topical administration of 10-6 M ACh (3.6% ±  
2.1%, P =  0.056). However, the first topical administration of 10-5 
M ACh before clamping and the second topical administration of 
10-5 M ACh at 60 min after unclamping led to significant increas-
es in vessel diameter in comparison to that immediately before 
each ACh administration (8.7% ±  4.3% and 6.2% ±  2.1%, re-
spectively, P <  0.001) (Fig. 3). The changes observed after the 
topical administration of 10-5 M ACh before clamping and at 60 
min after unclamping did not differ significantly. In the edaravone 
group, as in the control group, the topical administration of 10-5 
M ACh before clamping and at 60 min after unclamping signifi-
cantly increased the diameter of the pial arterioles immediately 
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Fig. 1. Effects of the continuous intravenous infusion of edaravone on the diameter of large cerebral pial arterioles (≥ 75 μm) to aortic clamping 
and unclamping in 18 rabbits. Data are expressed as the percentage change from the baseline diameter measured just prior to the administration 
of saline or edaravone. Data are shown for pre-clamp (15 min after administration), after clamp (immediately after clamping), pre-unclamp (20 
min after clamping), and at 0, 2, 5, 15, 30, and 60 min after unclamping. Values are presented as mean ± SD. *P < 0.05 in comparison to baseline in 
the same group. †P < 0.05 in the comparison of the indicated values.
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Fig. 2. Effects of the continuous intravenous infusion of edaravone on the diameter of small cerebral pial arterioles (< 75 μm) to aortic clamping 
and unclamping in 18 rabbits. Data are expressed as the percentage change from the baseline diameter measured just prior to administration of 
saline or edaravone. Data are shown for pre-clamp (15 min after administration), after clamp (immediately after clamping), pre-unclamp (20 min 
after clamping), and at 0, 2, 5, 15, 30, and 60 min after unclamping. Values are presented as mean ± SD. *P < 0.05 in comparison to baseline in the 
same group. †P < 0.05 in the comparison of the indicated values.

Table 3. Time Course of Hemodynamic Changes in Experiment 2

Variable
Pre-clamp After unclamp

Baseline ACh 10-6 M ACh 10-5 M ACh 10-5 M
PrAP (mmHg)
  Control 87 ±  6 86 ±  4 94 ±  12 89 ±  14
  Edaravone 89 ±  12 89 ±  13 93 ±  14 86 ±  16
DiAP (mmHg)
  Control 84 ±  7 87 ±  5 91 ±  7 86 ±  15
  Edaravone 87 ±  17 88 ±  17 89 ±  15 90 ±  19
HR (beats/min)
  Control 278 ±  52 280 ±  67 264 ±  51 297 ±  46
  Edaravone 273 ±  45 280 ±  48 287 ±  47 292 ±  34
Values are expressed as mean ± SD. ACh: acetylcholine, PrAP: mean proximal aortic pressure (mean arterial pressure obtained from the axillary 
artery), DiAP: mean distal aortic pressure (mean arterial pressure obtained from the femoral artery), HR: heart rate.

before each ACh administration (before clamping, 8.1% ±  5.7%, 
P =  0.001; 60 min after unclamping, 8.8% ±  4.7%, P =  0.003) 
(Fig. 3). The changes observed after the topical administration of 
10-5 M ACh before clamping and at 60 min after unclamping did 

not differ significantly (control, P =  0.266; edaravone, P =  0.602). 
There were no significant differences between the control and 
edaravone groups in the changes in pial arteriolar diameters after 
the second administration of 10-5 M ACh at 60 min after un-
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clamping (P =  0.227) (Fig. 3). 

Discussion 

The present study showed that edaravone, a free radical scaven-
ger, attenuated the sustained pial arteriolar constriction observed 
after the unclamping of an abdominal aortic cross-clamp. This re-
sult suggests that the scavenging of free radicals attenuates the va-
soconstriction of pial arterioles. However, the vascular reactivity 
to topical ACh did not show any changes before aortic clamping 
and after unclamping, and the intravenous administration of eda-
ravone did not induce any significant changes in the cerebrovas-
cular reactivity to ACh. The vascular endothelium may not be in-
volved in the attenuation of vascular constriction by edaravone. 

Open abdominal aortic surgery with aortic cross-clamping is a 
risk factor for brain dysfunction such as delirium, stroke, and 
POCD [3,6,7]. A previous study using xenon CT reported a sig-
nificant reduction in regional and global CBF during acute deliri-
um [13]. Early POCD after major noncardiac surgery in the el-
derly is secondarily associated with impaired intraoperative CBF 
autoregulation [14]. We previously showed that sustained pial ar-
teriolar vasoconstriction is caused by unclamping after aortic 
cross-clamping in rabbits [16–18]. Pial arteriolar vasoconstriction 
after unclamping may be involved in functional brain disorders. 
In the present study, edaravone attenuated aortic unclamping-in-
duced pial arteriolar constriction. Based on our findings, it is pos-

sible that scavenging free radicals improves functional brain dis-
orders by inhibiting cerebral vasoconstriction.  

Reperfusion after aortic unclamping generates free radicals, re-
active oxygen species, and cytokines in the lower limbs and the 
gastrointestinal tract [1,20]. These mediators can cause high-
grade systemic oxidative stress and increased inflammation 
during open repair of AAA [21,22,30,31]. At the vascular level, 
the alterations in intracellular signaling induced by oxygen free 
radicals lead to endothelial dysfunction, reduced vasodilation, in-
creased vascular contraction, and structural remodeling, leading 
to increased peripheral resistance and elevated blood pressure 
[32,33].  

ACh stimulates the release of nitric oxide from vascular endo-
thelium, thereby relaxing vascular smooth muscle cells and caus-
ing vasodilation [34]. In the present study, we confirmed that top-
ical administration of ACh dilated cerebral pial arterioles in a 
dose-dependent manner. Since there were no significant differ-
ences in the cerebral pial arteriolar response to ACh before ab-
dominal aortic clamping and after unclamping, it is suggested that 
endothelial function does not play a major role in the vasocon-
striction induced by unclamping. Thus, the suppression of free 
radicals on the vascular endothelium by edaravone is probably 
not responsible for the alteration in vascular response observed in 
the present study. 

The mechanism by which edaravone attenuates vasoconstric-
tion independent of endothelial function remains unclear. How-
ever, edaravone has been reported to show a clear and selective 
inhibitory effect against hydroxyl radical-induced endotheli-
um-independent vascular contraction [35]. Our results are con-
sistent with those findings. Aortic cross-clamping and unclamp-
ing produce compounds that include free radicals [20], throm-
boxane A2 [36,37], endothelin-1 [38,39], and tumor necrosis fac-
tor alpha [40,41], which are formed in ischemic tissues [1]. After 
unclamping, these humoral factors and mediators are washed out 
from the ischemic area to the systemic circulation, which can 
then damage the microcirculation in remote systems, including 
the central nervous system [42]. Several reports have demon-
strated that free radical scavengers can inhibit the synthesis of 
these humoral factors [43–45]. Exogenous antioxidants, such as 
edaravone, might attenuate cerebral vasoconstriction by inhibit-
ing the synthesis of humoral factors rather than through the pro-
tection of the vascular endothelium from free radicals. Further 
investigation is necessary to demonstrate the involvement of hu-
moral factors. 

Continuous edaravone infusion at 3–10 mg/kg/h (50–167 μg/
kg/min) has been successfully used to obtain free radical scaveng-
ing in rodents [46–48]. Therefore, we investigated the effects of 
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Fig. 3. Effects of topically applied acetylcholine (ACh) on the diameter 
of pial arterioles before and after abdominal aortic clamping in 12 
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before ACh administration. n.s.: not significant.
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two doses (10 and 100 μg/kg/min) of edaravone in the present 
study. 

In conclusion, free radicals during abdominal aortic surgery 
might cause the contraction of cerebral blood vessels independent 
of endothelial function in rabbits. The suppression of free radicals 
attenuated sustained pial arteriolar vasoconstriction after aortic 
unclamping. Thus, free radical scavengers might have brain pro-
tective effects to maintain CBF independent of endothelial func-
tion. 

Funding

None.

Conflicts of Interest 

No potential conflict of interest relevant to this article was re-
ported. 

Author Contributions 

Tomohiro Michino (Data curation; Investigation; Writing - origi-
nal draft) 
Kumiko Tanabe (Data curation; Writing - review & editing) 
Motoyasu Takenaka (Methodology; Investigation) 
Shigeru Akamatsu (Writing - review & editing)  
Masayoshi Uchida (Data curation; Investigation)  
Mami Iida (Methodology; Investigation)  
Hiroki Iida (Supervision; conception and design; Writing - review 
& editing) 

ORCID 

Tomohiro Michino, https://orcid.org/0000-0003-4714-897X
Kumiko Tanabe, https://orcid.org/0000-0002-3580-5701 
Motoyasu Takenaka, https://orcid.org/0000-0003-3707-4575
Shigeru Akamatsu, https://orcid.org/0000-0003-2710-1664
Masayoshi Uchida, https://orcid.org/0000-0002-8269-555X
Mami Iida, https://orcid.org/0000-0001-6803-4483
Hiroki Iida, https://orcid.org/0000-0003-0924-598X 

References 

1. Gelman S. The pathophysiology of aortic cross-clamping and 
unclamping. Anesthesiology 1995; 82: 1026-60. 

2. Ogoh S. Relationship between cognitive function and regulation 
of cerebral blood flow. J Physiol Sci 2017; 67: 345-51. 

3. Marcantonio ER, Goldman L, Mangione CM, Ludwig LE, Mu-
raca B, Haslauer CM, et al. A clinical prediction rule for delirium 
after elective noncardiac surgery. JAMA 1994; 271: 134-9.

4. Visser L, Prent A, van der Laan MJ, van Leeuwen BL, Izaks GJ, 
Zeebregts CJ, et al. Predicting postoperative delirium after vas-
cular surgical procedures. J Vasc Surg 2015; 62: 183-9. 

5. Raats JW, Steunenberg SL, de Lange DC, van der Laan L. Risk 
factors of post-operative delirium after elective vascular surgery 
in the elderly: a systematic review. Int J Surg 2016; 35: 1-6. 

6. Benoit AG, Campbell BI, Tanner JR, Staley JD, Wallbridge HR, 
Biehl DR, et al. Risk factors and prevalence of perioperative cog-
nitive dysfunction in abdominal aneurysm patients. J Vasc Surg 
2005; 42: 884-90. 

7. Bryson GL, Wyand A, Wozny D, Rees L, Taljaard M, Nathan H. 
A prospective cohort study evaluating associations among delir-
ium, postoperative cognitive dysfunction, and apolipoprotein E 
genotype following open aortic repair. Can J Anaesth 2011; 58: 
246-55. 

8. Rudolph JL, Marcantonio ER. Review articles: postoperative de-
lirium: acute change with long-term implications. Anesth Analg 
2011; 112: 1202-11. 

9. Benson RA, Ozdemir BA, Matthews D, Loftus IM. A systematic 
review of postoperative cognitive decline following open and 
endovascular aortic aneurysm surgery. Ann R Coll Surg Engl 
2017; 99: 97-100. 

10. Dasgupta M, Dumbrell AC. Preoperative risk assessment for de-
lirium after noncardiac surgery: a systematic review. J Am Geri-
atr Soc 2006; 54: 1578-89. 

11. Sugimoto M, Kodama A, Narita H, Banno H, Yamamoto K, Ko-
mori K. Pre- and Intraoperative Predictors of Delirium after 
Open Abdominal Aortic Aneurysm Repair. Ann Vasc Dis 2015; 
8: 215-9.

12. Evered LA, Silbert BS. Postoperative cognitive dysfunction and 
noncardiac surgery. Anesth Analg 2018; 127: 496-505. 

13. Yokota H, Ogawa S, Kurokawa A, Yamamoto Y. Regional cere-
bral blood flow in delirium patients. Psychiatry Clin Neurosci 
2003; 57: 337-9. 

14. Goettel N, Burkhart CS, Rossi A, Cabella BC, Berres M, Monsch 
AU, et al. Associations between impaired cerebral blood flow au-
toregulation, cerebral oxygenation, and biomarkers of brain in-
jury and postoperative cognitive dysfunction in elderly patients 
after major noncardiac surgery. Anesth Analg 2017; 124: 934-42.

15. Toth P, Tarantini S, Csiszar A, Ungvari Z. Functional vascular 
contributions to cognitive impairment and dementia: mecha-
nisms and consequences of cerebral autoregulatory dysfunction, 
endothelial impairment, and neurovascular uncoupling in aging. 
Am J Physiol Heart Circ Physiol 2017; 312: H1-20.

https://doi.org/10.4097/kja.21155538

Michino et al. · Edaravone and pial arterioles

https://doi.org/10.1097/00000542-199504000-00027
https://doi.org/10.1097/00000542-199504000-00027
https://doi.org/10.1007/s12576-017-0525-0
https://doi.org/10.1007/s12576-017-0525-0
https://doi.org/10.1001/jama.1994.03510260066030
https://doi.org/10.1001/jama.1994.03510260066030
https://doi.org/10.1001/jama.1994.03510260066030
https://doi.org/10.1016/j.jvs.2015.01.041
https://doi.org/10.1016/j.jvs.2015.01.041
https://doi.org/10.1016/j.jvs.2015.01.041
https://doi.org/10.1016/j.jvs.2015.01.041
https://doi.org/10.1016/j.ijsu.2016.09.001
https://doi.org/10.1016/j.ijsu.2016.09.001
https://doi.org/10.1016/j.ijsu.2016.09.001
https://doi.org/10.1016/j.jvs.2005.07.032
https://doi.org/10.1016/j.jvs.2005.07.032
https://doi.org/10.1016/j.jvs.2005.07.032
https://doi.org/10.1016/j.jvs.2005.07.032
https://doi.org/10.1007/s12630-010-9446-6
https://doi.org/10.1007/s12630-010-9446-6
https://doi.org/10.1007/s12630-010-9446-6
https://doi.org/10.1007/s12630-010-9446-6
https://doi.org/10.1007/s12630-010-9446-6
https://doi.org/10.1213/ane.0b013e3182147f6d
https://doi.org/10.1213/ane.0b013e3182147f6d
https://doi.org/10.1213/ane.0b013e3182147f6d
https://doi.org/10.1308/rcsann.2016.0338
https://doi.org/10.1308/rcsann.2016.0338
https://doi.org/10.1308/rcsann.2016.0338
https://doi.org/10.1308/rcsann.2016.0338
https://doi.org/10.1111/j.1532-5415.2006.00893.x
https://doi.org/10.1111/j.1532-5415.2006.00893.x
https://doi.org/10.1111/j.1532-5415.2006.00893.x
https://doi.org/10.3400/avd.oa.15-00054
https://doi.org/10.3400/avd.oa.15-00054
https://doi.org/10.3400/avd.oa.15-00054
https://doi.org/10.3400/avd.oa.15-00054
https://doi.org/10.1213/ane.0000000000003514
https://doi.org/10.1213/ane.0000000000003514
https://doi.org/10.1046/j.1440-1819.2003.01126.x
https://doi.org/10.1046/j.1440-1819.2003.01126.x
https://doi.org/10.1046/j.1440-1819.2003.01126.x
https://doi.org/10.1213/ane.0000000000001803
https://doi.org/10.1213/ane.0000000000001803
https://doi.org/10.1213/ane.0000000000001803
https://doi.org/10.1213/ane.0000000000001803
https://doi.org/10.1213/ane.0000000000001803
https://doi.org/10.1152/ajpheart.00581.2016
https://doi.org/10.1152/ajpheart.00581.2016
https://doi.org/10.1152/ajpheart.00581.2016
https://doi.org/10.1152/ajpheart.00581.2016
https://doi.org/10.1152/ajpheart.00581.2016
https://doi.org/10.1152/ajpheart.00581.2016


16. Uchida M, Iida H, Iida M, Dohi S. Changes in cerebral microcir-
culation during and after abdominal aortic cross-clamping in 
rabbits: the role of thromboxane A2 receptor. Anesth Analg 
2003; 96: 651-6. 

17. Uchida M, Iida H, Iida M, Kumazawa M, Sumi K, Takenaka M, 
et al. Both milrinone and colforsin daropate attenuate the sus-
tained pial arteriolar constriction seen after unclamping of an 
abdominal aortic cross-clamp in rabbits. Anesth Analg 2005; 
101: 9-16. 

18. Kumazawa M, Iida H, Uchida M, Iida M, Takenaka M, Dohi S. 
The comparative effects of intravenous nicardipine and prosta-
glandin E1 on the cerebral pial arteriolar constriction seen after 
unclamping of an aortic cross-clamp in rabbits. Anesth Analg 
2007; 104: 659-65. 

19. Lopez MG, Hughes CG, DeMatteo A, O’Neal JB, McNeil JB, 
Shotwell MS, et al. Intraoperative oxidative damage and delirium 
after cardiac surgery. Anesthesiology 2020; 132: 551-61. 

20. Zammert M, Gelman S. The pathophysiology of aortic 
cross-clamping. Best Pract Res Clin Anaesthesiol 2016; 30: 257-
69. 

21. Thompson MM, Nasim A, Sayers RD, Thompson J, Smith G, 
Lunec J, et al. Oxygen free radical and cytokine generation 
during endovascular and conventional aneurysm repair. Eur J 
Vasc Endovasc Surg 1996; 12: 70-5.

22. Aivatidi C, Vourliotakis G, Georgopoulos S, Sigala F, Bastounis E, 
Papalambros E. Oxidative stress during abdominal aortic aneu-
rysm repair--biomarkers and antioxidant’s protective effect: a re-
view. Eur Rev Med Pharmacol Sci 2011; 15: 245-52. 

23. Skvarc DR, Berk M, Byrne LK, Dean OM, Dodd S, Lewis M, et 
al. Post-Operative Cognitive Dysfunction: an exploration of the 
inflammatory hypothesis and novel therapies. Neurosci Biobe-
hav Rev 2018; 84: 116-33. 

24. Grochowski C, Litak J, Kamieniak P, Maciejewski R. Oxidative 
stress in cerebral small vessel disease. Role of reactive species. 
Free Radic Res 2018; 52: 1-13. 

25. Edaravone Acute Infarction Study Group. Effect of a novel free 
radical scavenger, edaravone (MCI-186), on acute brain infarc-
tion. Randomized, placebo-controlled, double-blind study at 
multicenters. Cerebrovasc Dis 2003; 15: 222-9. 

26. Watanabe T, Morita I, Nishi H, Murota S. Preventive effect of 
MCI-186 on 15-HPETE induced vascular endothelial cell injury 
in vitro. Prostaglandins Leukot Essent Fatty Acids 1988; 33: 81-
7. 

27. Watanabe T, Yuki S, Egawa M, Nishi H. Protective effects of 
MCI-186 on cerebral ischemia: possible involvement of free rad-
ical scavenging and antioxidant actions. J Pharmacol Exp Ther 
1994; 268: 1597-604. 

28. Ogasawara K, Yamadate K, Kobayashi M, Endo H, Fukuda T, 
Yoshida K, et al. Effects of the free radical scavenger, edaravone, 
on the development of postoperative cognitive impairment in 
patients undergoing carotid endarterectomy. Surg Neurol 2005; 
64: 309-13. 

29. Zhou Y, Wu X, Ye L, Bai Y, Zhang H, Xuan Z, et al. Edaravone at 
high concentrations attenuates cognitive dysfunctions induced 
by abdominal surgery under general anesthesia in aged mice. 
Metab Brain Dis 2020; 35: 373-83. 

30. Papalambros E, Sigala F, Georgopoulos S, Paraskevas KI, An-
dreadou I, Menenakos X, et al. Malondialdehyde as an indicator 
of oxidative stress during abdominal aortic aneurysm repair. 
Angiology 2007; 58: 477-82. 

31. Gryszczyńska B, Budzyń M, Formanowicz D, Formanowicz P, 
Krasiński Z, Majewska N, et al. Advanced oxidation protein 
products and carbonylated proteins levels in endovascular and 
open repair of an abdominal aortic aneurysm: the effect of pre-, 
intra-, and postoperative treatment. Biomed Res Int 2019; 2019: 
7976043. 

32. Montezano AC, Touyz RM. Molecular mechanisms of hyperten-
sion--reactive oxygen species and antioxidants: a basic science 
update for the clinician. Can J Cardiol 2012; 28: 288-95.

33. Montezano AC, Touyz RM. Reactive oxygen species and endo-
thelial function--role of nitric oxide synthase uncoupling and 
Nox family nicotinamide adenine dinucleotide phosphate oxi-
dases. Basic Clin Pharmacol Toxicol 2012; 110: 87-94. 

34. Furchgott RF, Zawadzki JV. The obligatory role of endothelial 
cells in the relaxation of arterial smooth muscle by acetylcholine. 
Nature 1980; 288: 373-6. 

35. Tosaka M, Hashiba Y, Saito N, Imai H, Shimizu T, Sasaki T. Con-
tractile responses to reactive oxygen species in the canine basilar 
artery in vitro: selective inhibitory effect of MCI-186, a new hy-
droxyl radical scavenger. Acta Neurochir (Wien) 2002; 144: 
1305-10. 

36. Mathieson MA, Dunham BM, Huval WV, Lelcuk S, Stemp LI, 
Valeri CR, et al. Ischemia of the limb stimulates thromboxane 
production and myocardial depression. Surg Gynecol Obstet 
1983; 157: 500-4. 

37. Paterson IS, Klausner JM, Pugatch R, Allen P, Mannick JA, Shep-
ro D, et al. Noncardiogenic pulmonary edema after abdominal 
aortic aneurysm surgery. Ann Surg 1989; 209: 231-6.

38. Dovgan PS, Edwards JD, Rowley JM, Agrawal DK, Adrian TE. 
Effects of ischaemia and reperfusion on vasoactive neuropeptide 
levels in the canine infrarenal aortic revascularization model. 
Cardiovasc Surg 1996; 4: 470-5.

39. Fukuda S, Taga K, Tanaka T, Sakuma K, Fujiwara N, Shimoji K, 
et al. Relationship between tissue ischemia and venous endothe-

539https://doi.org/10.4097/kja.21155

Korean J Anesthesiol 2021;74(6):531-540

https://doi.org/10.1213/01.ane.0000049820.88505.85
https://doi.org/10.1213/01.ane.0000049820.88505.85
https://doi.org/10.1213/01.ane.0000049820.88505.85
https://doi.org/10.1213/01.ane.0000049820.88505.85
https://doi.org/10.1213/01.ane.0000158610.76898.5c
https://doi.org/10.1213/01.ane.0000158610.76898.5c
https://doi.org/10.1213/01.ane.0000158610.76898.5c
https://doi.org/10.1213/01.ane.0000158610.76898.5c
https://doi.org/10.1213/01.ane.0000158610.76898.5c
https://doi.org/10.1213/01.ane.0000253493.76249.54
https://doi.org/10.1213/01.ane.0000253493.76249.54
https://doi.org/10.1213/01.ane.0000253493.76249.54
https://doi.org/10.1213/01.ane.0000253493.76249.54
https://doi.org/10.1213/01.ane.0000253493.76249.54
https://doi.org/10.1097/aln.0000000000003016
https://doi.org/10.1097/aln.0000000000003016
https://doi.org/10.1097/aln.0000000000003016
https://doi.org/10.1097/aln.0000000000003016
https://doi.org/10.1016/j.bpa.2016.07.006
https://doi.org/10.1016/j.bpa.2016.07.006
https://doi.org/10.1016/j.bpa.2016.07.006
https://doi.org/10.1016/s1078-5884(96)80278-4
https://doi.org/10.1016/s1078-5884(96)80278-4
https://doi.org/10.1016/s1078-5884(96)80278-4
https://doi.org/10.1016/s1078-5884(96)80278-4
https://pubmed.ncbi.nlm.nih.gov/21528769
https://pubmed.ncbi.nlm.nih.gov/21528769
https://pubmed.ncbi.nlm.nih.gov/21528769
https://pubmed.ncbi.nlm.nih.gov/21528769
https://doi.org/10.1016/j.neubiorev.2017.11.011
https://doi.org/10.1016/j.neubiorev.2017.11.011
https://doi.org/10.1016/j.neubiorev.2017.11.011
https://doi.org/10.1016/j.neubiorev.2017.11.011
https://doi.org/10.1016/j.neubiorev.2017.11.011
https://doi.org/10.1080/10715762.2017.1402304
https://doi.org/10.1080/10715762.2017.1402304
https://doi.org/10.1080/10715762.2017.1402304
http://www.ncbi.nlm.nih.gov/pubmed/12715790
http://www.ncbi.nlm.nih.gov/pubmed/12715790
http://www.ncbi.nlm.nih.gov/pubmed/12715790
http://www.ncbi.nlm.nih.gov/pubmed/12715790
https://doi.org/10.1016/0952-3278(88)90127-5
https://doi.org/10.1016/0952-3278(88)90127-5
https://doi.org/10.1016/0952-3278(88)90127-5
https://doi.org/10.1016/0952-3278(88)90127-5
https://www.ncbi.nlm.nih.gov/pubmed/8138971
http://www.ncbi.nlm.nih.gov/pubmed/8138971
http://www.ncbi.nlm.nih.gov/pubmed/8138971
http://www.ncbi.nlm.nih.gov/pubmed/8138971
http://www.ncbi.nlm.nih.gov/pubmed/8138971
https://doi.org/10.1016/j.surneu.2005.01.008
https://doi.org/10.1016/j.surneu.2005.01.008
https://doi.org/10.1016/j.surneu.2005.01.008
https://doi.org/10.1016/j.surneu.2005.01.008
https://doi.org/10.1016/j.surneu.2005.01.008
https://doi.org/10.1016/j.surneu.2005.01.008
https://doi.org/10.1007/s11011-019-00532-y
https://doi.org/10.1007/s11011-019-00532-y
https://doi.org/10.1007/s11011-019-00532-y
https://doi.org/10.1007/s11011-019-00532-y
https://doi.org/10.1007/s11011-019-00532-y
https://doi.org/10.1177/0003319707305246
https://doi.org/10.1177/0003319707305246
https://doi.org/10.1177/0003319707305246
https://doi.org/10.1177/0003319707305246
https://doi.org/10.1177/0003319707305246
https://doi.org/10.1155/2019/7976043
https://doi.org/10.1155/2019/7976043
https://doi.org/10.1155/2019/7976043
https://doi.org/10.1155/2019/7976043
https://doi.org/10.1155/2019/7976043
https://doi.org/10.1155/2019/7976043
https://doi.org/10.1155/2019/7976043
https://doi.org/10.1016/j.cjca.2012.01.017
https://doi.org/10.1016/j.cjca.2012.01.017
https://doi.org/10.1016/j.cjca.2012.01.017
https://doi.org/10.1016/j.cjca.2012.01.017
https://doi.org/10.1111/j.1742-7843.2011.00785.x
https://doi.org/10.1111/j.1742-7843.2011.00785.x
https://doi.org/10.1111/j.1742-7843.2011.00785.x
https://doi.org/10.1111/j.1742-7843.2011.00785.x
https://doi.org/10.1111/j.1742-7843.2011.00785.x
https://doi.org/10.1038/288373a0
https://doi.org/10.1038/288373a0
https://doi.org/10.1038/288373a0
https://doi.org/10.1038/288373a0
https://doi.org/10.1007/s00701-002-1020-8
https://doi.org/10.1007/s00701-002-1020-8
https://doi.org/10.1007/s00701-002-1020-8
https://doi.org/10.1007/s00701-002-1020-8
https://doi.org/10.1007/s00701-002-1020-8
https://doi.org/10.1007/s00701-002-1020-8
https://www.ncbi.nlm.nih.gov/pubmed/6648769
http://www.ncbi.nlm.nih.gov/pubmed/6648769
http://www.ncbi.nlm.nih.gov/pubmed/6648769
http://www.ncbi.nlm.nih.gov/pubmed/6648769
http://www.ncbi.nlm.nih.gov/pubmed/6648769
https://doi.org/10.1097/00000658-198902000-00015
https://doi.org/10.1097/00000658-198902000-00015
https://doi.org/10.1097/00000658-198902000-00015
https://doi.org/10.1097/00000658-198902000-00015
https://doi.org/10.1016/0967-2109(95)00099-2
https://doi.org/10.1016/0967-2109(95)00099-2
https://doi.org/10.1016/0967-2109(95)00099-2
https://doi.org/10.1016/0967-2109(95)00099-2
https://doi.org/10.1016/0967-2109(95)00099-2
https://doi.org/10.1016/s1053-0770(05)80132-6
https://doi.org/10.1016/s1053-0770(05)80132-6
https://doi.org/10.1016/s1053-0770(05)80132-6


lin-1 during abdominal aortic aneurysm surgery. J Cardiothorac 
Vasc Anesth 1995; 9: 510-4.

40. Cabiè A, Farkas JC, Fitting C, Laurian C, Cormier JM, Carlet J, et 
al. High levels of portal TNF-alpha during abdominal aortic sur-
gery in man. Cytokine 1993; 5: 448-53.

41. Vasdekis SN, Argentou M, Kakisis JD, Bossios A, Gourgiotis D, 
Karanikolas M, et al. A global assessment of the inflammatory 
response elicited upon open abdominal aortic aneurysm repair. 
Vasc Endovascular Surg 2008; 42: 47-53. 

42. Katseni K, Chalkias A, Kotsis T, Dafnios N, Arapoglou V, Kap-
aros G, et al. the effect of perioperative ischemia and reperfusion 
on multiorgan dysfunction following abdominal aortic aneu-
rysm repair. Biomed Res Int 2015; 2015: 598980. 

43. Kamiya S, Shirahase H, Nakamura S, Kanda M, Matsui H, 
Yoshimi A, et al. A novel series of thromboxane A2 synthetase 
inhibitors with free radical scavenging and anti-peroxidative ac-
tivities. Chem Pharm Bull (Tokyo) 2001; 49: 563-71. 

44. Sedeek MH, Llinas MT, Drummond H, Fortepiani L, Abram SR, 

Alexander BT, et al. Role of reactive oxygen species in endothe-
lin-induced hypertension. Hypertension 2003; 42: 806-10. 

45. Onimaru S, Nakamura K, Kariyazono H, Ikeda R, Ueno T, Fuku-
moto Y, et al. Inhibitory effects of edaravone on the production 
of tumor necrosis factor-alpha in the isolated heart undergoing 
ischemia and reperfusion. Heart Vessels 2006; 21: 108-15.

46. Ishii H, Petrenko AB, Sasaki M, Satoh Y, Kamiya Y, Tobita T, et 
al. Free radical scavenger edaravone produces robust neuropro-
tection in a rat model of spinal cord injury. Brain Res 2018; 1682: 
24-35. 

47. Ohta S, Iwashita Y, Kakinoki R, Noguchi T, Nakamura T. Effects 
of continuous intravenous infusion of MCI-186 on functional 
recovery after spinal cord injury in rats. J Neurotrauma 2011; 28: 
289-98.

48. Yamashita T, Shoge M, Oda E, Yamamoto Y, Giddings JC, Kashi-
wagi S, et al. The free-radical scavenger, edaravone, augments 
NO release from vascular cells and platelets after laser-induced, 
acute endothelial injury in vivo. Platelets 2006; 17: 201-6. 

https://doi.org/10.4097/kja.21155540

Michino et al. · Edaravone and pial arterioles

https://doi.org/10.1016/s1053-0770(05)80132-6
https://doi.org/10.1016/s1053-0770(05)80132-6
https://doi.org/10.1016/1043-4666(93)90034-3
https://doi.org/10.1016/1043-4666(93)90034-3
https://doi.org/10.1016/1043-4666(93)90034-3
https://doi.org/10.1016/1043-4666(93)90034-3
https://doi.org/10.1177/1538574407308942
https://doi.org/10.1177/1538574407308942
https://doi.org/10.1177/1538574407308942
https://doi.org/10.1177/1538574407308942
https://doi.org/10.1177/1538574407308942
https://doi.org/10.1155/2015/598980
https://doi.org/10.1155/2015/598980
https://doi.org/10.1155/2015/598980
https://doi.org/10.1155/2015/598980
https://doi.org/10.1155/2015/598980
https://doi.org/10.1248/cpb.49.563
https://doi.org/10.1248/cpb.49.563
https://doi.org/10.1248/cpb.49.563
https://doi.org/10.1248/cpb.49.563
https://doi.org/10.1248/cpb.49.563
https://doi.org/10.1161/01.hyp.0000084372.91932.ba
https://doi.org/10.1161/01.hyp.0000084372.91932.ba
https://doi.org/10.1161/01.hyp.0000084372.91932.ba
https://doi.org/10.1007/s00380-005-0863-3
https://doi.org/10.1007/s00380-005-0863-3
https://doi.org/10.1007/s00380-005-0863-3
https://doi.org/10.1007/s00380-005-0863-3
https://doi.org/10.1007/s00380-005-0863-3
https://doi.org/10.1016/j.brainres.2017.12.035
https://doi.org/10.1016/j.brainres.2017.12.035
https://doi.org/10.1016/j.brainres.2017.12.035
https://doi.org/10.1016/j.brainres.2017.12.035
https://doi.org/10.1016/j.brainres.2017.12.035
https://doi.org/10.1089/neu.2010.1477
https://doi.org/10.1089/neu.2010.1477
https://doi.org/10.1089/neu.2010.1477
https://doi.org/10.1089/neu.2010.1477
https://doi.org/10.1080/09537100500444063
https://doi.org/10.1080/09537100500444063
https://doi.org/10.1080/09537100500444063
https://doi.org/10.1080/09537100500444063
https://doi.org/10.1080/09537100500444063

	Introduction 
	Materials and Methods 
	Experiment 1 
	Experiment 2 
	Statistical analysis 

	Results 
	 The effect of edaravone on the pial arteriolar diameter changes induced by aortic clamping and uncl
	The effect of topical ACh administration on the edaravone-induced diameter changes in the pial arter

	Discussion 
	Funding
	Conflicts of Interest 
	Author Contributions 
	ORCID 
	References 

