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Abstract: Nitric oxide (NO) is involved in the pathogenesis of cerebral ischemic injury. Here,
we investigated the effects of aging on NO production during cerebral ischemia-reperfusion (IR).
Male Wister rats (WRs) were assigned to 12-month-old (older; n = 5) and 3-month-old (younger;
n = 7) groups. Similarly, male spontaneous hypertensive rats (SHRs) were allocated to 12-month-old
(older; n = 6) and 3-month-old (younger; n = 8) groups. After anesthesia, their NO production
was monitored using in vivo microdialysis probes inserted into the left striatum and hippocampus.
Forebrain cerebral IR injuries were produced via ligation of the bilateral common carotid arteries,
followed by reperfusion. The change in the NO3

− of the older rats in the SHR groups in the striatum
was less compared to that of the younger rats before ischemia, during ischemia, and after reperfusion
(p < 0.05). In the hippocampus, the change in the NO3

− of the older rats in the SHR groups was
lower compared to that of the younger rats after reperfusion (p < 0.05). There were no significant
differences between the two WR groups. Our findings suggested that aging in SHRs affected NO
production, especially in the striatum, before and during cerebral ischemia, and after reperfusion.
Hypertension and aging may be important factors impacting NO production in brain IR injury.

Keywords: nitric oxide (NO); in vivo microdialysis; forebrain ischemia; striatum; hippocampus

1. Introduction

Nitric oxide (NO) is an important molecule in the central nervous system [1] and
is associated with the pathogenesis of cerebral ischemic injury. During acute cerebral
ischemia, NO production and NO synthase (NOS) activity are elevated, and have been
suggested to be cytotoxic to the brain [2].

In a mouse study, we previously investigated the kinetics of NO production by en-
dothelial NOS (eNOS) and neuronal NOS (nNOS) after transient global forebrain ischemia,
and furthermore, we investigated the NO production and ischemic changes in the striatum
in eNOS knockout and nNOS knockout mice during cerebral IR. The in vivo findings
suggested that the NO production in the striatum after reperfusion was closely related
to the activities of both nNOS and eNOS, and was mainly related to nNOS following
reperfusion [3]. More recently, we investigated the effects of edaravone on NO production,
hydroxyl radical (OH−) metabolism, and nNOS expression during cerebral IR injury. The
in vivo findings suggested that edaravone exerted a neuroprotective effect by reducing
the levels of OH− metabolites, increasing the NO production, and decreasing the nNOS
expression in brain cells [4]. Hypertension and aging are major risk factors for arterioscle-
rosis and stroke. However, the effects of hypertension and aging on NO production during
cerebral ischemia are unclear. Compared to WRs with normal blood pressure, SHRs are
used as a model of hypertension [5]. It is known that cerebral infarction is worse in SHRs
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than WRs, as shown in studies using middle cerebral artery occlusion [5], and the concen-
tration of NO release, detected using electrochemical microsensors, is significantly lower in
spontaneously hypertensive rats (SHR-SP) than that in Spraigue-Dawley (SD) rats [6].

In a study on the expression of the NOS mRNA and protein levels in cerebrovascular
SHRs, both the eNOS mRNA and eNOS protein levels were lower than those in WRs, but
both the inducible NOS (iNOS) mRNA and iNOS protein levels were high [7].

In a study on the NOS expression in the brainstem of 12-week-old SHRs, the nNOS
and iNOS expressions were reduced and the total NOS activity was also lower than that
in WRs. This leads to the downregulation of nNOS and iNOS in SHRs [8]. Thus, the
relationship between NOS expression, NO activity, and hypertension remains unknown.

Aging is more closely associated with a marked impairment in the determinants of
NO generation [9] and a decline in physiological function, such as NO bioavailability [10]

In the present study, we investigated the effects of aging and hypertension on NO
production during cerebral IR in WRs and SHRs.

2. Results
2.1. MABP

The pre-ischemic MABP baselines are shown as averages of the last 40 min before
ischemia (Figure 1).
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Figure 1. Mean arterial blood pressure. Changes in mean arterial blood pressure are shown in (A, 
B) The pre-ischemic mean arterial blood pressure (MABP) baselines are shown as averages of the 
last 40 min before ischemia. In the WRs, the MABPs were significantly higher in the older rats (145 
± 28 mmHg) than the younger rats (111 ± 27 mmHg) before ischemia and 10–40 min after reperfu-
sion (p < 0.05) (A). In the SHRs, the MABPs were significantly higher in the older rats (166 ± 20 
mmHg) than in the younger rats (118 ± 17 mmHg) 10 min after reperfusion (p < 0.05) (B). WRs, 
Wistar rats; SHRs, spontaneously hypertensive rats. 

2.1.1. WRs 
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2.1.2. SHRs 
In the SHR group, the MABPs were significantly higher the in older rats (166 ± 20 

mmHg) than in the younger rats (118 ± 17 mmHg) 10 min after reperfusion (p < 0.05) (Fig-
ure 1B). 

2.1.3. Comparison of MABPs between WRs and SHRs 
In the older rats, the MABPs were significantly higher in the SHRs (166 ± 25 mmHg) 

than in the WRs (129 ± 13 mmHg) 40 min before ischemia and 10 min after reperfusion (p 
< 0.05). 

In the younger rats, the MABPs were significantly higher in the SHRs (127 ± 13 
mmHg) than in the WRs (104 ± 14 mmHg) 40–10 min before ischemia and 10–40 min after 
reperfusion (p < 0.05) 

2.2. rCBF 
2.2.1. WRs 

In the striatums of the WR group, the rCBF was significantly lower in the older rats 
(16.4 ± 10.4% of baseline) compared to the younger rats (30.2 ± 7.5%) during ischemia (p < 
0.05) (Figure 2A). In contrast, the rCBF was significantly higher in the older rats (179.3 ± 

Figure 1. Mean arterial blood pressure. Changes in mean arterial blood pressure are shown in
(A,B) The pre-ischemic mean arterial blood pressure (MABP) baselines are shown as averages of
the last 40 min before ischemia. In the WRs, the MABPs were significantly higher in the older
rats (145 ± 28 mmHg) than the younger rats (111 ± 27 mmHg) before ischemia and 10–40 min
after reperfusion (p < 0.05) (A). In the SHRs, the MABPs were significantly higher in the older rats
(166 ± 20 mmHg) than in the younger rats (118 ± 17 mmHg) 10 min after reperfusion (p < 0.05) (B).
WRs, Wistar rats; SHRs, spontaneously hypertensive rats.

2.1.1. WRs

In the WR group, the MABPs were significantly higher in the older rats (145 ± 28 mmHg)
than in the younger rats (111 ± 27 mmHg) before ischemia and 10–40 min after reperfusion
(p < 0.05) (Figure 1A).

2.1.2. SHRs

In the SHR group, the MABPs were significantly higher the in older rats (166 ± 20 mmHg)
than in the younger rats (118 ± 17 mmHg) 10 min after reperfusion (p < 0.05) (Figure 1B).

2.1.3. Comparison of MABPs between WRs and SHRs

In the older rats, the MABPs were significantly higher in the SHRs (166 ± 25 mmHg)
than in the WRs (129 ± 13 mmHg) 40 min before ischemia and 10 min after reperfusion
(p < 0.05).

In the younger rats, the MABPs were significantly higher in the SHRs
(127 ± 13 mmHg) than in the WRs (104 ± 14 mmHg) 40–10 min before ischemia and
10–40 min after reperfusion (p < 0.05)

2.2. rCBF
2.2.1. WRs

In the striatums of the WR group, the rCBF was significantly lower in the older rats
(16.4 ± 10.4% of baseline) compared to the younger rats (30.2 ± 7.5%) during ischemia
(p < 0.05) (Figure 2A). In contrast, the rCBF was significantly higher in the older rats
(179.3 ± 35.8% of baseline) than in the younger rats (130.7 ± 31.3%) 20–40 min after reper-
fusion (p < 0.05) (Figure 2A). In the WR group, the hippocampal rCBF was significantly
higher in the older rats (166.9 ± 35.7% of baseline) than in the younger rats (119.5 ± 16.3%)
20 min after reperfusion (p < 0.05) (Figure 2B).
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trast, the rCBF was significantly higher in the older rats (179.3 ± 35.8% of baseline) than in the 
younger rats (130.7 ± 31.3%) 20–40 min after reperfusion (p < 0.05) (A). In the WR group, the hip-
pocampal rCBF was significantly higher in the older rats (166.9 ± 35.7% of baseline) than in the 
younger rats (119.5 ± 16.3%) 20 min after reperfusion (p < 0.05) (B). In the striatums of the SHR 

Figure 2. Regional cerebral blood flow. Changes in regional cerebral blood flow are shown in (A–D).
In the striatums in the WR group, the rCBF was significantly lower in the older rats (16.4 ± 10.4% of
baseline) compared with the younger rats (30.2 ± 7.5%) during ischemia (p < 0.05) (A). In contrast,
the rCBF was significantly higher in the older rats (179.3 ± 35.8% of baseline) than in the younger
rats (130.7 ± 31.3%) 20–40 min after reperfusion (p < 0.05) (A). In the WR group, the hippocampal
rCBF was significantly higher in the older rats (166.9 ± 35.7% of baseline) than in the younger rats



Int. J. Mol. Sci. 2023, 24, 12749 6 of 18

(119.5 ± 16.3%) 20 min after reperfusion (p < 0.05) (B). In the striatums of the SHR group, the rCBF
values were similar between the two age groups (C). In contrast, in the hippocampi of the SHR
group, the rCBF was significantly lower in the older rats (17.9 ± 6.3% of baseline) compared to the
younger rats (35.8 ± 12.4%) during ischemia (p < 0.05), and significantly higher in the older animals
(213.6 ± 48.7% of baseline) than in the younger animals (163.8 ± 33.6%) 10 min after reperfusion
(p < 0.05) (D). WRs, Wistar rats; SHRs, spontaneously hypertensive rats.

2.2.2. SHRs

In the striatums of the SHR group, the rCBF values were similar between the two
age groups (Figure 2C). In contrast, in the hippocampi of the SHR group, the rCBF was
significantly lower in the older rats (17.9 ± 6.3% of baseline) compared to the younger rats
(35.8 ± 12.4%) during ischemia (p < 0.05), and significantly higher in the older animals
(213.6 ± 48.7% of baseline) than in the younger animals (163.8 ± 33.6%) 10 min after
reperfusion (p < 0.05) (Figure 2D).

2.3. NO Metabolites
2.3.1. In the Striatum in WRs (Figure 3)

NO2
−

The NO2
− levels were significantly higher in the older rats (1.34 ± 0.52 µmol/L) than

in the younger rats (0.81 ± 0.19 µmol/L) during ischemia, but lower in the former group
(1.00 ± 0.36 µmol/L) than in the latter group (1.79 ± 0.68 µmol/L) 10 min after the start of
reperfusion (p < 0.05) (Figure 3A).

NO3
−

The levels of NO3
− did not differ significantly between the older and younger rats

before or during ischemia, or after reperfusion (Figure 3B).

Total NO

The levels of total NO also did not differ significantly between the older and younger
rats before or during ischemia, or after reperfusion (Figure 3C).
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Figure 3. NO production in WRs. Changes in nitric oxide production in WRs are shown in (A–F).
The NO2

− levels were significantly higher in the older rats (1.34 ± 0.52 µmol/L) than in the younger
rats (0.81 ± 0.19 µmol/L) during ischemia, but lower in the former group (1.00 ± 0.36 µmol/L) than
in the latter group (1.79 ± 0.68 µmol/L) 10 min after the start of reperfusion (p < 0.05) (A). The levels
of NO3

− did not differ significantly between the older and younger rats before or during ischemia,
or after reperfusion (B). The levels of total NO also did not differ significantly between the older and
younger rats before or during ischemia, or after reperfusion (C). The levels of NO2

− did not differ
significantly between the older and younger rats before or during ischemia, or after reperfusion (D).
The levels of NO3

− did not differ significantly between the older and younger rats before or during
ischemia, or after reperfusion (E). The levels of total NO also did not differ significantly between
the older and younger rats before or during ischemia, or after reperfusion (F). WRs, Wistar rats; NO,
nitric oxide.

2.3.2. In the Hippocampus in WRs (Figure 3)

NO2
−

The levels of NO2
− did not differ significantly between the older and younger rats

before or during ischemia, or after reperfusion (Figure 3D).

NO3
−

The levels of NO3
− did not differ significantly between the older and younger rats

before or during ischemia, or after reperfusion (Figure 3E).

Total NO

The levels of total NO also did not differ significantly between the older and younger
rats before or during ischemia, or after reperfusion (Figure 3F).

2.3.3. In the Striatum in SHRs (Figure 4)

NO2
−

The levels of NO2
− did not differ significantly between the older and younger rats

before or during ischemia, or after reperfusion (Figure 4A).
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NO3
−

The NO3
− levels were significantly lower in the older (0.78 ± 0.10 µmol/L) rats

compared to the younger rats (1.47 ± 0.56 µmol/L) before and after ischemia, and after the
start of reperfusion (p < 0.05) (Figure 4B).

Total NO

The total NO levels were significantly lower in the older rats (3.5 ± 1.0 µmol/L)
compared to the younger rats (4.8 ± 1.13 µmol/L) 40 min after the start of reperfusion
(p < 0.05) (Figure 4C).
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0.10 µmol/L) compared to the younger rats (1.47 ± 0.56 µmol/L) before and after ischemia, and af-
ter the start of reperfusion (p < 0.05) (B). The total NO levels were significantly lower in the older 
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Figure 4. NO production in SHRs. Changes in NO production in SHRs are shown in (A–F). The
levels of NO2

− did not differ significantly between the older and younger rats before or dur-
ing ischemia, or after reperfusion (A). The NO3

− levels were significantly lower in the older rats
(0.78 ± 0.10 µmol/L) compared to the younger rats (1.47 ± 0.56 µmol/L) before and after ischemia,
and after the start of reperfusion (p < 0.05) (B). The total NO levels were significantly lower in the
older rats (3.5 ± 1.0 µmol/L) compared to the younger rats (4.8 ± 1.13 µmol/L) 40 min after the start
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of reperfusion (p < 0.05) (C). The levels of NO2
− did not differ significantly between the older and

younger rats before or during ischemia, or after reperfusion (D). The NO3
− levels were significantly

lower in the older rats (0.78 ± 0.20 µmol/L) than in the younger rats (1.67 ± 0.70 µmol/L) 20–40 min
after the start of reperfusion (p < 0.05) (E). The total NO levels were significantly lower in the older
rats (3.4 ± 1.2 µmol /L) compared to the younger rats (5.2 ± 2.5 µmol/L) 30 min before ischemia and
30–40 min after the start of reperfusion (p < 0.05) (F). SHRs, spontaneously hypertensive rats; NO,
nitric oxide.

2.3.4. In the Hippocampus in SHRs (Figure 4)

NO2
−

The levels of NO2
− did not differ significantly between the older and younger rats

before or during ischemia, or after reperfusion (Figure 4D).

NO3
−

The NO3
− levels were significantly lower in the older rats (0.78 ± 0.20 µmol/L) than

in the younger rats (1.67 ± 0.70 µmol/L) 20–40 min after the start of reperfusion (p < 0.05)
(Figure 4E).

Total NO

The total NO levels were significantly lower in the older rats (3.4 ± 1.2 µmol /L)
compared to the younger tats (5.2 ± 2.5 µmol/L) 30 min before ischemia and 30–40 min
after the start of reperfusion (p < 0.05) (Figure 4F).

2.3.5. Comparison of Total NO between WRs and SHRs

In the striatums, the total NO in the older rats was significantly higher in the SHRs
(2.8 ± 1.0 µmol/L) than that in the WRs (1.7 ± 0.2 µmol/L) only 10 min after reperfusion
(p < 0.05). The total NO in the younger rats was significantly higher in the SHRs (2.8 ± 1.3
µmol/L) than that in the WRs (1.5 ± 0.6 µmol/L) during ischemia (p < 0.05).

In the hippocampi, however, the total NO was not significantly different between the
WRs and SHRs.

3. Materials and Methods
3.1. Animal Groupings

The WRs and SHRs were housed in the animal care facility at Saitama Medical University.
In total, 12 male WRs were divided into 12-month-old (older; n = 5) and 3-month-

old (younger; n = 7) groups. Similarly, 14 male SHRs were assigned to 12-month-old
(older; n = 6) and 3-month-old (younger; n = 8) groups. The rats were anesthetized via
an intraperitoneal injection of the pentobarbital sodium. Their rectal temperature was
maintained at 37.0–37.5 ◦C with a heating pad. A polyethylene catheter (PE-50; BD, Japan)
was inserted into the right femoral artery to measure the mean arterial blood pressure
(MABP). A polyethylene catheter (PE-90; BD) was inserted into the right femoral vein
for exsanguination. Laser Doppler probes (Advance Laser Flowmeter ALF21D; Advance,
Tokyo, Japan) were inserted into the right striatum and hippocampus to continuously
measure the regional cerebral blood flow (rCBF) (Figure 5). All the animal experiments
were approved by the Institutional Animal Care and Use Committee of Saitama Medical
University, Japan (approval number: 000317).
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Figure 5. Probe set up. Laser Doppler probes (Advance Laser Flowmeter ALF21D; Advance, Tokyo,
Japan) were inserted into the right striatum and hippocampus to continuously measure the regional
cerebral blood flow. The production of NO was continuously monitored using in vivo microdialysis.
A microdialysis probe was inserted into the left striatum and hippocampus and perfused with
Ringer’s solution at a constant rate of 2 µL/min. After a 2 h equilibration period, fractions were
collected every 10 min using a micro-fraction collector (EF-80B; Eicom, Kyoto, Japan).

3.2. In Vivo Microdialysis

The production of NO was continuously monitored using in vivo microdialysis. A
microdialysis probe was inserted into the left striatum and hippocampus (Figure 1) and
perfused with Ringer’s solution at a constant rate of 2 µL/min. After a 2 h equilibration
period, fractions were collected every 10 min using a micro-fraction collector (EF-80B;
Eicom, Kyoto, Japan).

In both the WR and SHR groups, forebrain cerebral ischemia was produced via ligation
of the bilateral common carotid arteries, and systemic hypotension (MABP < 50 mmHg)
was produced via exsanguination. After 20 min, the loops around both common carotid
arteries were released for reperfusion, and the exsanguinated blood was reinfused. The
blood parameters were monitored for 40 min.

The nitrite (NO2
−) and nitrate (NO3

−) levels in the dialysates were measured using
a HPLC-pump system (EP-60; Eicom, Kyoto, Japan), automatic sample injector (AS-10;
Eicom), and column oven (ATC-10; Eicom) using the Griess reaction (ENO-20; Eicom),
in which the NO2

− and NO3
− were separated on a packed column (NO-PAK; Eicom)

and NO3
− was reduced to NO2

− in a cadmium reduction column (NO-RED; Eicom). In
addition, we evaluated and compared the total NO (NO2

− + NO3
−) between the old and

young SHR and WR groups. For the statistical analysis, comparisons between the two
groups were performed using a factorial analysis of variance (ANOVA), and the Fisher’s
significance level was set to < 5%.

4. Discussion

In the WRs, the MABPs were higher in the older animals than the younger animals
during IR. These results suggest that aging significantly increases the MABP in these
animals with a normal blood pressure. In contrast, in the SHRs, no significant difference
was observed before or during ischemia, or after reperfusion.

In a comparison of the MABPs between the WR group and SHR group, in the older
rats, the MABPs were significantly higher in the SHRs than those in the WRs 40 min
before ischemia and 10 min after reperfusion. In the younger rats, the MABPs were also
significantly higher in the SHRs than those in the WRs 10–40 min before ischemia and
10–40 min after reperfusion. These results indicated that the aging in SHRs would be more
accelerated than that in WRs, as the 3-month-old SHRs had already become hypertensive.

In the present study, in young SHRs aged 3 months, the MABP began to rise, and there
was no significant difference between these and older animals.
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When we compared the baseline MABPs between the younger SHRs and younger
WRs, the blood pressure in the younger SHRs was already significantly higher than that in
the younger WRs.

Katsuta et al. [11] studied the effect of aging on blood pressure in SHRs, and con-
cluded that cerebral blood flow injury caused by hypertension can already be detected in
4-month-old rats.

A review of rCBF suggests that rCBF is more difficult to recover in older WRs than
younger WRs after reperfusion. In the SHRs, although the rCBF was not significantly
different between the old and young rats, both groups appeared to have a similar delay in
recovery to the older WRs. Jeffrey et al. [12] investigated the changes in rCBF after cerebral
ischemia and reperfusion in pigs, and showed that older animals (6–8 months of age) had a
similar delay in recovery to younger animals (1–2 weeks of age). These results suggested
that vasodilation for blood flow recovery after cerebral IR is more effective in aged rats
and SHRs, which are at a risk of stroke, compared to young WRs with a normal blood
pressure. This is thought to be the cause of decreased resilience and delayed blood flow
recovery time.

We hypothesize that vasodilatory dysfunction and delayed blood flow recovery time
after cerebral IR are caused by the cerebral endothelial vessel dysfunction associated with
hypertension and aging.

The vascular endothelium releases endothelium-derived relaxing factor (EDRF) to
relax the vascular smooth muscle [13], and it has been suggested that EDRF might be
NO produced by eNOS. Furthermore, it has been reported in rats that EDRF dysfunction
worsens with aging, and that it is even greater in SHRs [14]. Therefore, the decline in
eNOS activity caused by hypertension and aging is thought to impair endothelial function,
resulting in vasodilatory dysfunction and a delayed blood flow recovery time after cerebral
ischemia, which is in line with the results of the current study.

However, a report suggested that eNOS protein and activity levels increase with age,
but that the production of NO decreases [15]. Immunohistochemical studies are necessary
to determine whether changes in eNOS-mediated NO production are affected by aging.

In our CBF data on the hippocampi of the SHRs, the rCBF was significantly lower in the
older rats compared to the younger rats during ischemia. However, this was significantly
higher in the older animals than in the younger animals after reperfusion, especially in the
first 10 min after reperfusion.

The total NO data on the hippocampi of the SHRs did not differ significantly between
the older and younger rats before or during ischemia, or after reperfusion.

We believe that vasodilatory dysfunction might be related to endothelium-associated
changes in NO production, but that NO is not the only factor involved in the regulation of
CBF. Other factors, including prostaglandins and endothelin-1, as well as neurotransmitters
such as cathecholamine, might be related to the regulation of CBF.

In this experiment, we investigated the dynamics of NO production in the hippocam-
pus and striatum. In the hippocampus, immunohistochemical studies showed that the
nNOS mRNA expression was high [16,17], and differences from the striatum were re-
ported [18], including an enhanced NO production during ischemia and hypoxia. Although
the NO production in the WRs was not affected by aging, the effect of aging in the SHRs
was clear. In both the hippocampus and striatum, the NO3

− levels were significantly lower
in the older animals before ischemia and after IR, compared to the younger animals.

NO production requires L-arginine as a substrate. It is thought that, during cerebral
ischemia, the supply of L-arginine decreases because of the blockage of cerebral blood
flow, resulting in a decrease in NO production, and that reperfusion causes this supply to
resume, resulting in an increase in NO production [16,19]. This increased NO production
is thought to cause brain tissue damage by increasing free radicals during reperfusion
after ischemia. However, there have been reports that it may contribute to resistance
against cerebral ischemia [17,18] and that it exerts brain protective effects [19]. Moreover,
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it has been reported that L-arginine tends to decrease with aging [20], and that NOS also
decreases [21].

In SHRs, aging and hypertension reduce their ability to synthesize NO in the brain,
and as a result, the NO3

− levels after cerebral IR were lower in the older group than in the
younger group. Furthermore, in our experiments, NO was collected from a probe inserted
into the brain parenchyma. It was impossible to distinguish whether it was produced by
nNOS or eNOS.

Some studies have indicated that neurons expressing nNOS (by immunostaining)
are abundant in the cerebellum and olfactory system, and that only 2% of neurons in
the cerebral cortex and hippocampus express this protein [22,23]. Therefore, the results
obtained in this study may strongly reflect the changes in eNOS activity with aging.

Hypertension and aging reduce vascular eNOS activity and NO production, resulting
in decreased vasodilation and a delayed blood flow recovery time after cerebral IR. These
changes might account for the decline in NO3

− after cerebral IR in the aged rats and SHRs
in the current study.

In our investigation of the kinetics of NO production in the brain, we quantitatively
measured NO2

− and NO3
− using the Griess reaction, but it was not possible to distinguish

between NO2
− and NO3

−.
Yamada et al. investigated the NO in the cerebellum of rats, and found high levels of

NO3
− after NMDA administration, noting that depolarization with potassium increased

the NO2
− levels [22,24]. Cui et al. [24,25] and Doi et al. [23,25] reported that nNOS, a

Ca2+-dependent enzyme, is activated by Ca2+ influx through NMDA receptors.
In our study, because the microdialysis probe was inserted near not only the capillaries,

but also near neurons and astrocytes, it was very difficult to clarify the origin of the NO. In
our study using knockout mice [3], we concluded that the NO production might reflect not
only eNOS, but also nNOS.

This study suggested that aging causes a decrease in NO substrates, including L-
arginine, and a decrease in NO levels. Whether this decline results from reduced eNOS or
nNOS activity should be examined histopathologically using immunostaining with eNOS
and nNOS antibodies.

5. Conclusions

Our in vivo findings suggested that, during aging, SHRs exhibit a reduction in their
NO production, especially in the striatum, before and during cerebral ischemia, as well
as after reperfusion. Hypertension and aging may be important factors affecting the NO
production in a brain with IR injury.

Author Contributions: Conceptualization, Y.I., H.N., T.Y. and N.A.; methodology Y.I, H.N., N.A.,
M.Y., Y.A., M.S., T.S. and M.H.; validation, Y.I, H.N. and N.A.; formal analysis Y.I., H.N., M.H. and
N.A.; resources, Y.I, H.N., N.A., M.Y., Y.A., M.S., T.S. and M.H.; writing—original draft preparation,
Y.I., H.N. and N.A.; writing—review and ed-iting, Y.I., H.N. and N.A.; supervision, Y.I., H.N., T.Y. and
N.A.; project administration, Y.I., H.N. and N.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All the animal experiments were approved by the Institu-
tional Animal Care and Use Committee of Saitama Medical University, Japan (approval number:
000317, 2012).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2023, 24, 12749 17 of 18

References
1. Garthwaite, J. Concepts of neural nitric oxide-mediated transmission. Eur. J. Neurosci. 2008, 27, 2783–2802. [CrossRef]
2. Shibata, M.; Araki, N.; Hamada, J.; Sasaki, T.; Shimazu, K.; Fukuuchi, Y. Brain nitrite production during global ischemia and

reperfusion: An in vivo microdialysis study. Brain Res. 1996, 734, 86–90. [CrossRef] [PubMed]
3. Ito, Y.; Ohkubo, T.; Asano, Y.; Hattori, K.; Shimazu, T.; Yamazato, M.; Nagoya, H.; Kato, Y.; Araki, N. Nitric Oxide Production

during Cerebral Ischemia and Reperfusion in eNOS- and nNOS-Knockout Mice. Curr. Neurovascular Res. 2010, 7, 23–31. [CrossRef]
[PubMed]

4. Kawasaki, H.; Ito, Y.; Kitabayashi, C.; Tanaka, A.; Nishioka, R.; Yamazato, M.; Ishizawa, K.; Nagai, T.; Hirayama, M.; Takahashi,
K.; et al. Effects of Edaravone on Nitric Oxide, Hydroxyl Radicals and Neuronal Nitric Oxide Synthase During Cerebral Ischemia
and Reperfusion in Mice. J. Stroke Cerebrovasc. Dis. 2020, 29, 104531. [CrossRef]

5. Gratton, J.A.; Sauter, A.; Rudin, M.; Lees, K.R.; McColl, J.; Reid, J.L.; Dominiczak, A.F.; Macrae, I.M. Susceptibility to cerebral
infarction in the stroke-prone spontaneously hypertensive rat is inherited as a dominant trait. Stroke 1998, 29, 690–694. [CrossRef]
[PubMed]

6. Dobrucki, L.W.; Kalinowski, L.; Uracz, W.; Malinski, T. The protective role of nitic oxide in the brain ischemia. J. Physiol. Pharmaclol.
2000, 51, 695–703.

7. Yamakawa, H.; Jezova, M.; Ando, H.; Saavedra, J.M. Normalization of endothelial and inducible nitric oxide synthase expression
in brain microvessels of spontaneously hypertensive rats by angiotensin II AT1 receptor inhibition. J. Cereb. Blood Flow Metab.
2003, 23, 371–380. [CrossRef]

8. Hojná, S.; Kuneš, J.; Zicha, J. Alterations of NO Synthase Isoforms in Brain and Kidney of Rats With Genetic and Salt Hypertension.
Physiol. Res. 2010, 59, 997–1009. [CrossRef]

9. Sverdlov, A.L.; Ngo, D.T.M.; Chan, W.P.A.; Chirkov, Y.Y.; Horowitz, J.D. Aging of nitric oxide system: Are we as old as our NO?
J. Am. Heart Assoc. 2014, 3, e000973. [CrossRef]

10. Shannon, O.M.; Clifford, T.; Seals, D.R.; Graighead, D.H. Nitic oxide, aging and aerobic exercise: Sedentary individuals to
Master’s athletes. Nitric Oxide 2022, 125, 31–39. [CrossRef]

11. Katsuta, T. Decreased Local Blood Flow in Young and Aged Spontaneously Hypertensive Rats. Fukuoka Acta Med. 1997, 88, 65–74.
[PubMed]

12. Kirsch, J.R.; Helfaer, M.A.; Blizzard, K.; Toung, T.J.; Traystman, R.J. Age-related cerebrovascular response to global ischemia in
pigs. Am. J. Physiol. 1990, 259, H1551–H1558. [CrossRef]

13. Furchgott, R.F.; Zawadzki, J.V. The obligatory role of endothelial cells in the relaxation of arterial smooth muscle by acetylcholine.
Nature 1980, 288, 373–376. [CrossRef]

14. Sunano, S.; Osugi, S.; Shimamura, K. Blood pressure and impairment of endothelium-dependent relaxation in spontaneously
hypertensive rats. Experientia 1989, 45, 705–708. [CrossRef] [PubMed]

15. Van der Loo, B.; Labugger, R.; Skepper, J.N.; Bachschmid, M.; Kilo, J.; Powell, J.M.; Palacios-Callender, M.; Erusalimsky, J.D.;
Quaschning, T.; Malinski, T.; et al. Enhanced peroxynitrite formation is associated with vascular aging. J. Exp. Med. 2000, 192,
1731–1744. [CrossRef] [PubMed]

16. Bredt, D.S.; Hwang, P.M.; Glatt, C.E.; Lowenstein, C.; Reed, R.R.; Snyder, S.H. Cloned and expressed nitric oxide synthase
structurally resembles cytochromeP-450 reductase. Nature 1991, 351, 714–718. [CrossRef]

17. Hoshida, S.; Yamashita, N.; Igarashi, J.; Nishida, M.; Hori, M.; Kamada, T.; Kuzuya, T.; Tada, M. Nitric oxidase synthase protects
the heart against ischemia-reperfusion injury in rabbits. J. Pharmacol. Exp. Ther. 1995, 274, 413–418.

18. Kuppusamy, P.; Ohnishi, S.T.; Numagami, Y.; Ohnishi, T.; Zweier, J.L. Three-dimensional imaging of nitric oxide production in
the rat brain subjected to ischemia-hypoxia. J. Cereb. Blood Flow Metab. 1995, 15, 899–903. [CrossRef]

19. Asano, Y.; Araki, N.; Ohkubo, T.; Kim, K.; Sawada, M.; Furuya, D.; Takei, K.; Shimazu, K. The study of brain nitric oxide
production and cerebral blood flow in a rat model of forebrain ischemia and reperfusion. Jpn Cereb. Blood Flow Metab. 2000, 12,
130–131.

20. Strolin Benedetti, M.; Dostert, P.; Marrari, P.; Cini, M. Effect of ageing on tissue levels of amino acids involved in the nitric oxide
pathway in rat brain. J. Neural. Transm. 1993, 94, 21–30. [CrossRef]

21. Siles, E.; Martínez-Lara, E.; Cañuelo, A.; Sánchez, M.; Hernández, R.; López-Ramos, J.C.; Del Moral, M.L.; Esteban, F.J.; Blanco, S.;
Pedrosa, J.A.; et al. Age-related changes of the nitric oxide system in the rat brain. Brain Res. 2002, 956, 385–392. [CrossRef]

22. Bredt, D.S.; Snyder, S.H. Isolation of nitric oxide synthetase, a calmodulin-requiring enzyme. Proc. Natl. Acad. Sci. USA 1990, 87,
682–685. [CrossRef] [PubMed]

23. Doi, T.; Ando, M.; Akaike, T.; Suga, M.; Sato, K.; Maeda, H. Resistance to nitric oxide in Mycobacterium avium complex and its
implication in pathogenesis. Infect. Immun. 1993, 61, 1980–1989. [CrossRef]

https://doi.org/10.1111/j.1460-9568.2008.06285.x
https://doi.org/10.1016/0006-8993(96)00617-8
https://www.ncbi.nlm.nih.gov/pubmed/8896812
https://doi.org/10.2174/156720210790820190
https://www.ncbi.nlm.nih.gov/pubmed/20158465
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104531
https://doi.org/10.1161/01.STR.29.3.690
https://www.ncbi.nlm.nih.gov/pubmed/9506614
https://doi.org/10.1097/01.WCB.0000047369.05600.03
https://doi.org/10.33549/physiolres.932064
https://doi.org/10.1161/JAHA.114.000973
https://doi.org/10.1016/j.niox.2022.06.002
https://www.ncbi.nlm.nih.gov/pubmed/9103703
https://doi.org/10.1152/ajpheart.1990.259.5.H1551
https://doi.org/10.1038/288373a0
https://doi.org/10.1007/BF01974563
https://www.ncbi.nlm.nih.gov/pubmed/2759198
https://doi.org/10.1084/jem.192.12.1731
https://www.ncbi.nlm.nih.gov/pubmed/11120770
https://doi.org/10.1038/351714a0
https://doi.org/10.1038/jcbfm.1995.114
https://doi.org/10.1007/BF01244980
https://doi.org/10.1016/S0006-8993(02)03575-8
https://doi.org/10.1073/pnas.87.2.682
https://www.ncbi.nlm.nih.gov/pubmed/1689048
https://doi.org/10.1128/iai.61.5.1980-1989.1993


Int. J. Mol. Sci. 2023, 24, 12749 18 of 18

24. Yamada, K.; Nabeshima, T. Simultaneous measurement of nitrite and nitrate levels as indices of nitric oxide release in the
cerebellum of conscious rats. J. Neurochem. 1997, 68, 1234–1243. [CrossRef] [PubMed]

25. Cui, S.; Reichner, J.S.; Mateo, R.B.; Albina, J.E. Activated murine macrophages induce apoptosis in tumor cells through nitric
oxide-dependent or independent mechanisms. Cancer Res. 1994, 54, 2462–2467. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1046/j.1471-4159.1997.68031234.x
https://www.ncbi.nlm.nih.gov/pubmed/9048770
https://www.ncbi.nlm.nih.gov/pubmed/8162595

	Introduction 
	Results 
	MABP 
	WRs 
	SHRs 
	Comparison of MABPs between WRs and SHRs 

	rCBF 
	WRs 
	SHRs 

	NO Metabolites 
	In the Striatum in WRs (Figure 3) 
	In the Hippocampus in WRs (Figure 3) 
	In the Striatum in SHRs (Figure 4) 
	In the Hippocampus in SHRs (Figure 4) 
	Comparison of Total NO between WRs and SHRs 


	Materials and Methods 
	Animal Groupings 
	In Vivo Microdialysis 

	Discussion 
	Conclusions 
	References

