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Abstract This study was designed to clarify whether nitric
oxide (NO) participates in the regulation of local cerebral
blood flow (CBF) during hypoxia (inhalation of 15% O, in
N,). The CBF response to hind-paw stimulation (evoked
CBF) of Sprague-Dawley (SD) rats was measured by laser-
Doppler flowmetry. Physiological variables, such as heart
rate, mean blood pressure, and PaCO, during hypoxia, were
identical to those under normoxic conditions. Hypoxia
increased the baseline CBF (17.5 + 14.3%) and the nor-
malized peak amplitude of evoked CBF (31.1 + 18.5%)
relative to those during normoxia. When an NOS inhibitor
was infused intravenously, these differences were abolished
in both the baseline CBF or evoked CBF between normoxic
and hypoxic conditions, whereas the heart rate decreased and
the mean blood pressure increased during hypoxia in com-
parison with these during normoxia. The field potential was
constant under all experimental conditions. These results
suggest that NO plays a major role in the regulation of
baseline and evoked CBF during hypoxia.

Keywords Cerebral blood flow - Functional activation -
Laser-Doppler flowmetry - Somatosensory stimulation -
Rat - Nitric oxide

H. Takuwa () - T. Matsuura - R. Bakalova - T. Obata -
I. Kanno

Department of Biophysics, Molecular Imaging Center,
National Institute of Radiological Sciences,

4-9-1 Anagawa, Chiba 263-8555, Japan

e-mail: takuwa@nirs.go.jp

T. Matsuura (D<)

Academic Group of Mathematical and Natural Science,
Iwate University, 4-3-5 Ueda, Morioka 020-8551, Japan
e-mail: matsuura@iwate-u.ac.jp

Introduction

Changes in local cerebral blood flow (CBF) are closely
related to neural activity; therefore, the cerebral hemody-
namic response has been used extensively to map brain
function in humans and animals. One of the major roles of
CBF is to supply oxygen to the brain tissues. The rela-
tionship between oxygen metabolism and CBF is of con-
siderable interest to many researchers.

In the case of baseline CBF, it has been reported that an
increased arterial oxygen supply (hyperoxia) results in a
decrease in the baseline level of CBF in rats [1], whereas a
decreased arterial oxygen supply (hypoxia) increases the
baseline level of CBF in humans [2] and in the somato-
sensory cortex of rats [3-5]. These observations indicate
that the baseline CBF is affected by the O, level in the
supplying blood in brain tissue.

On the other hand, in the case of an increase in local CBF
(evoked CBF), induced by neuronal activation, the relation-
ship between evoked CBF and blood oxygenation in the
activated brain area is still a disputable and controversial
issue. In our previous study, we reported that hyperoxia pro-
vokes the enhancement of evoked CBF in the V1 area of the
human brain [6, 7] and in the somatosensory cortex of rats [1].
In a human study, using positron emission tomography (PET),
Mintun et al. [2] reported that hypoxia does not enhance
evoked CBF, suggesting that evoked CBF is independent of
the oxygen supply or metabolic demand. In contrast, several
studies in rats, using functional magnetic resonance imaging
(fMRI) and optical spectroscopy, showed that hyperoxia
provokes a decrease in evoked CBF, while hypoxia induces its
enhancement [3, 4, 8]. These studies suggest that evoked CBF
depends on the oxygen metabolic demand.

The dynamics of the evoked CBF is highly complicated
and many biochemical mediators could be considered in
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the regulation system, such as nitric oxide (NO), cyclo-
oxygenase-1 (COX-1), COX-2, and adenosine [9-11]. NO,
produced by endothelial and neuronal nitric oxide synthase
(NOS), acts as a neurotransmitter and is involved in the
regulation of cerebral circulation. In particular, it is also an
important mediator of the cerebral vasodilatation in
response to changes in the physiological parameters during
hypercapnia [12] and hyperoxia [1]; however, the role of
NO in evoked CBF regulation remains to be elucidated. In
our previous study, we reported that the NOS inhibition
was accompanied by a decrease in baseline CBF during
normoxia and suppression of evoked CBF during hyper-
oxia [1]. We speculated that NOS inhibition would also
suppress the effect of hypoxia on cerebral circulation.

In the present study, we investigated the effect of
hypoxia on the baseline levels of CBF and evoked CBF
using laser-Doppler flowmetry (LDF) to clarify the regu-
lation mechanism of CBF in relation to the metabolic
oxygen demand. The effect of NOS inhibition on CBF
regulation under hypoxia was also demonstrated using
N®-nitro-L-arginine (LNA) as a pharmacological tool.

Materials and methods

Animal preparation and control of physiological
conditions

All experiments were conducted in accordance with the
guidelines of the Physiological Society of Japan and were
approved by the Animal Care and Use Committee of

the National Institute of Radiological Sciences, Chiba,
Japan.

Sprague-Dawley rats (370420 g) were anesthetized with
isoflurane (4% for induction and 1.5% during surgery) in 30%
0, and 70% N, using a face mask. Subcutaneous 2% lidocaine
was used before incision to prevent vasospasm during catheter
insertion. The tail artery and left femoral vein were cannulated
for blood pressure monitoring, blood gas sampling, and
intravenous drug administration. After tracheotomy, a-chlo-
ralose (75 mg/kg body weight, i.v.) was administered and
isoflurane administration was discontinued. Anesthesia was
maintained with o-chloralose (44 mg/kg/h, i.v.), and muscle
relaxation was maintained with pancuronium bromide
(0.7 mg/kg/h, i.v.) during the experimental period. Body
temperature was monitored with a rectal probe and maintained
at approximately 37.0°C using a heating pad (ATC-210;
Unique Medical, Japan). The rat was fixed in a stereotactic
frame, and the parietal bone was thinned to translucency at the
left somatosensory cortex using a dental drill (an area
3 x 3 mm, centered 2.5 mm caudal and 2.5 mm lateral to the
bregma). To ensure a stable physiological condition of
the animal, the measurements were performed 3 h after the
preparation of the parietal bone (Fig. 1).

The rat was paralyzed by injection of pancuronium
bromide and artificially ventilated using a respirator
(SN-480-7; Shinano, Japan) with a mixture of N, and O, to
achieve physiological arterial blood levels of O, and CO,
tension (PaO, and PaCO,, respectively). During the
experiments, the changes in respiratory O, and CO, con-
centrations were monitored with a capnometer (SurgiVet
V9004, Smiths Medical, USA). Arterial blood pressure
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Fig. 1 Experimental protocol of hypoxia a without LNA (experi-
ment A) and b hypoxia with LNA (experiment B). The experiment
was carried out approximately 3 h after the preparation of rats. The
evoked CBF and field potential were measured under normoxia,
hypoxia without LNA, and hypoxia with LNA. In each examination,
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20 successive stimuli (5 Hz and 5 s) were applied at 60 s intervals.
The animals were ventilated with a 30% O, and 70% N, mixture
during normoxia (control). To avoid a change in arterial blood
pressure, the O, concentration was gradually decreased in a stepwise
manner from 30 to 22.5 and 15% during hypoxia
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Table 1 Physiological variables

Condition Heart rate (b.p.m.) MABP (mmHg) PaCO, (mmHg)  PaO, (mmHg)
(A) Protocol A (n=9)?

Normoxia 379.4 £40.6 88.8+7.7 36.9+ 2.3 93.3+11.07

*

Hypoxia without LNA 403.4 +35.0 92.3+ 8.2 349+ 1.9 498 +3.0 J
(B) Protocol B (n=8)2

Normoxia 360.3 £19.7 1 98.0+11.01 35.9+ 2.3 101.8+£11.97

* * *

Hypoxia with LNA 315.3 £30.3 134.6+4.6 36.9+ 1.2 481+1.4 |

% Number of rats; mean £ SD
* P <0.01

from the tail artery was measured with a pressure sensor
(TP400T; Nihon Kohden, Japan) and recorded continuously
using MacLab data acquisition software (AD Instruments,
Australia) during the experiments; the mean arterial blood
pressure (MABP) was calculated as the average at three
time points (i.e., before, during, and immediately after each
stimulation period). Arterial blood samples were serially
collected before and immediately after each step of the
experiment and analyzed for gas values.

Baseline and evoked CBF measurements

The evoked CBF was measured by LDF (FLO-C1; OMEGA
FLO) equipped with a probe with a tip diameter of 0.55 mm
(Probe NS; OMEGA FLO). The sampling volume for the LDF
measurement was approximately 1 mm? [13]. A time constant
of 0.1 s wasused to detect the LDF signal. The LDF probe was
positioned over the thinned skull (over the somatosensory area
of the hind paw). Electrical hind paw stimulation was per-
formed with two needle electrodes inserted subdermally into
the right hind paw contralateral to the LDF probe. A current
stimulus of 1.5 mA (0.1 ms pulse) was applied at 5 Hz fre-
quency and 5 s duration. In each experiment, 20 successive
stimuli were applied at 60 s intervals and accumulated using
MacLab data acquisition software. These stimulus parameters
did not cause any change in the systemic arterial blood pres-
sure and heart rate during stimulation.

The evoked CBF response to somatosensory stimulation
was investigated under three experimental conditions as
follows: normoxia (17 rats), hypoxia without LNA (9 rats),
and hypoxia with LNA (8 rats) (Fig. 1).

Hypoxia and application of NOS inhibitor

Under normoxia (control), the animals were ventilated with a
30% O, and 70% N, mixture. Hypoxia was induced by
decreasing the concentration of inspired O, to 15%. The acute
change from 30% O, to 15% O, often caused mild hypotension,
so the O, concentration was gradually decreased in a stepwise
manner from 30 to 22.5% and 15% (Fig. 1). This stepwise

hypoxia had no effect on arterial blood pressure (Table 1). In
the “hypoxia without LNA” experiment (Fig. 1a), we first
examined the evoked CBF under normoxia. The oxygen con-
centration was then decreased in a stepwise manner from 30 to
22.5% and 15%. After an equilibration time of 30 min, the
evoked CBF was measured during hypoxia without LNA.
In the “hypoxia with LNA” experiment (Fig. 1b), we also
examined the evoked CBF under normoxia. LNA was then
applied intravenously (10 mg kg™ for induction and 35 mg
kg~' h™" during experiments), and the O, concentration was
decreased in a stepwise manner from 30 to 22.5% and 15%.
After an equilibration time of 30 min, evoked CBF responses
were measured under hypoxia with LNA administration.

Measurement of neuronal activity

To estimate the correlation between the change in evoked
CBF and neuronal activation, field potentials were measured
in both experiments: “hypoxia without LNA” (6 rats) and
“hypoxia with LNA” (6 rats). A tungsten microelectrode
(12 MQ) was inserted into the somatosensory area of the hind
paw through the thinned portion of the skull and fixed using
dental cement. The tip of the electrode was set at a depth of
approximately 0.5 mm from the surface of the cortex. An Ag-
AgClindifferent electrode was placed between the skull bone
and scalp. Field potentials under normoxia, hypoxia without
LNA, and hypoxia with LNA were recorded using the same
time schedule as evoked CBF measurements (Fig. 1). Twenty
successive signals of the field potential recordings were also
accumulated using MacLab data acquisition software and
were digitized at 100 Hz, which was the same frequency as
that in our previous study [1, 11, 14]. The mean amplitude of
the field potentials was calculated as the average of the neg-
ative components of each spike to evaluate the neuronal
activity during stimulation [1, 14].

Data analysis

The LDF signal was normalized towards the baseline level
as percent changes from the baseline (normalized evoked
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CBF). The rise time of the evoked CBF was defined as the
time at the intersection of the extrapolated lines, which was
drawn with the baseline on the response curve from 90 to
10% of the peak [15, 16]. The peak amplitude indicated the
percent change from the baseline to the maximum evoked
CBF. Values were statistically analyzed by Student’s # test
and presented as the mean £ SD.

Results

Physiological variables during hypoxia and LNA
administration

The physiological variables (i.e., heart rate, MABP, and
PaCO,) during hypoxia without LNA were almost identical
to those during normoxia (control) (Table 1). Only the
PaO, value (49.8 £ 3.0 mmHg) was significantly different
from that measured during normoxia (PaO, = 93.3 +
11.0 mmHg) (P < 0.01).

The systemic administration of the NOS inhibitor LNA
during hypoxia (hypoxia with LNA) significantly increased
MABP and decreased the heart rate relative to those
parameters during normoxia (P < 0.01). PaO, was signif-
icantly lower during hypoxia with LNA (48.1 +
1.4 mmHg) than during normoxia (101.8 £ 11.9 mmHg)
(P < 0.01). There was no clear change in the respiratory
CO, concentration between normoxia and hypoxia (data
not shown).

Effects of hypoxia on CBF

During hypoxia (in the absence of LNA), the baseline level
of CBF was significantly higher than that during normoxia
(P < 0.05) (Fig. 2). As shown in Fig. 3a, hypoxia enhanced
the normalized evoked CBF in comparison with normoxia.
There was a significant difference in the peak amplitude of
the normalized evoked CBF between the hypoxic condition
(204 &+ 7.4%) and normoxic condition (15.3 + 5.4%)
(P < 0.05) (Fig. 3b). The rise time of evoked CBF was
0.67 £ 0.22 s during hypoxia and 0.51 &+ 0.30 s during
normoxia, although no significant difference in the rise time
between the two conditions was detected. Presumably,
some mediators involved in vasodilatation enhance baseline
and evoked CBF during hypoxia. In the subsequent exper-
iments, we focused on NO as one of the possible candidates
responsible for vasodilatation.

Application of NOS inhibitor during hypoxia
The injection of NOS inhibitors (LNA) in rats subjected to

hypoxia resulted in the same baseline CBF as that during
normoxia (Fig. 2). The normalized evoked CBF during
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Fig. 2 Change in baseline CBF. The values of baseline CBF,
obtained during normoxia, were considered to be 100%, indicated by
a dashed line. Black and gray bars indicate the baseline CBF during
hypoxia without LNA and hypoxia with LNA, respectively. The white
bar indicates the baseline CBF during normoxia with LNA, which
was obtained in the previous study [1]. The data were normalized to
those under normoxia without LNA after statistical analysis. To
evaluate the changes in baseline CBF, the absolute value of the
baseline CBF was statistically compared for each animal group by
paired ¢ test. Note that the baseline CBF during hypoxia with LNA
was not significantly different from that during normoxia, whereas the
baseline CBF was higher during hypoxia without LNA than during
normoxia. Asterisks indicate significant differences in levels of
baseline CBF between hypoxia without LNA and normoxia without
LNA, and normoxia with LNA and normoxia without LNA
(P < 0.05). Error bars are SD

hypoxia with LNA did not increase in comparison with that
during normoxia (Fig. 4b). The peak amplitude of the nor-
malized evoked CBF was 22.8 £ 10.8% during normoxia
and 19.5 &+ 7.6% during hypoxia with LNA (Fig. 4c).
A slight (but not significant) decrease in the evoked CBF was
detected in rats subjected to hypoxia and with LNA. There
was no significant difference in the rise time of evoked CBF
between normoxia and hypoxia with LNA: 0.60 £ 0.23 s
during hypoxia with LNA and 0.57 & 0.29 s during nor-
moxia. The results suggest that NO is involved in the
enhancement of baseline and evoked CBF during hypoxia.
The NO inhibitor abolished the effect of hypoxia completely
at the baseline level and evoked CBF; therefore, NO could be
considered as a major mediator of the relationship between
hypoxia and evoked CBF response.

Neural activities during experiments

Figure 5 shows one of the representative field potentials
from the somatosensory cortex during normoxia, hypoxia
without LNA, and hypoxia with LNA. The field potential
during hypoxia without LNA was almost the same as that
during normoxia (Fig. 5a). There were no significant dif-
ferences in the mean amplitude and number of spikes of
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Fig. 3 Change in normalized evoked CBF under normoxia and
hypoxia without LNA. a Normalized evoked CBF with somatosen-
sory stimulation from one representative animal. Curves were
normalized to the baseline level. Horizontal and vertical bars indicate
the stimulation period and 10% increase from the baseline level,
respectively. b Peak amplitude of normalized evoked CBF under
normoxia and hypoxia without LNA. Each line corresponds to the
data obtained from one rat. Bold lines and error bars indicate the
mean value and SD, respectively (n = 9). Note that the normalized
evoked CBF was significantly higher during hypoxia than during
normoxia (*P < 0.05)

field potentials between hypoxia without LNA and nor-
moxia (Table 2). The results indicate that the enhancement
of evoked CBF is not caused by an increase in neuronal
activity during hind paw stimulation.

The field potential during hypoxia with LNA was also
almost the same as that during normoxia (Fig. 5b). There
were no significant differences in the mean amplitude and
number of spikes of field potentials between hypoxia with
LNA and normoxia (Table 2), indicating that the applica-
tion of LNA did not affect neuronal activity.

Discussion

In the present study, we investigated the effects of hypoxia
on the regulation of baseline and evoked CBF in rats, as
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Fig. 4 Change in normalized evoked CBF during normoxia,
normoxia with LNA, and hypoxia with LNA. a Normalized evoked
CBF during normoxia without LNA and normoxia with LNA (cited
from reference [1]). b Normalized evoked CBF during normoxia
without LNA and hypoxia with LNA. Curves were normalized to the
baseline level and shown for one representative animal. Horizontal
and vertical bars indicate the stimulation period and 10% increase
from baseline level, respectively. ¢ Peak amplitude of normalized
evoked CBF under normoxia and hypoxia with LNA. Each line
corresponds to the data obtained from one rat. Bold lines and error
bars indicate the mean value and SD, respectively (n = 8). No
significant difference in the peak amplitude of normalized evoked
CBF between normoxia and hypoxia with LNA was observed

well as the role of NO in this relationship. NO is synthe-
sized mainly by endothelial NOS (eNOS), neuronal NOS
(nNOS), and inducible NOS (iNOS) in the brain tissue. To

@ Springer



404

J Physiol Sci (2010) 60:399-406

Fig. 5 Representative field A
potential recordings from the
somatosensory cortex during
hind paw stimulation.

a Hypoxia without LNA.
Neuronal activity during
hypoxia without LNA was
almost the same as that during
normoxia. b Hypoxia with
LNA. Field potential during
hypoxia with LNA was almost
identical to that during
normoxia. In both experiments,
there were no significant
differences in the mean
amplitude and number of spikes B
of field potentials between
hypoxia and normoxia (see
Table 2)
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Table 2 Parameters of neuronal activity during each examination

Condition Mean amplitude of Number of spikes
field potentials (mV) detected

(A) Protocol A (n = 6)2
Normoxia 43+ 3.3] 20.8 + 6.1 ]
Hypoxia without LNA —-43+35 20.8 £ 6.1

(B) Protocol B (n=6)2
Normoxia —-6.3 2.3] NS 17.2 5.8] S
Hypoxia with LNA —-6.4+23 172 £5.7

Hind-paw stimulation (5 Hz and 5 s)
NS not significant
% Number of rats; mean £ SD

inhibit the activities of all these NOS isoenzymes, a non-
selective NOS inhibitor, LNA, was used. A previous study
showed that the intracortical administration of the NOS
inhibitor affected the CBF during hypoxia [17]. We also
found that the NOS inhibitor LNA infused intravenously
attenuated the CBF response to hyperoxic conditions [1].
The intravenous infusion of LNA may cause excess accu-
mulations of the drug leading to unfavorable effects on the
evoked CBF. However, we revealed that the systemic
administration of LNA under normoxic condition (nor-
moxia with LNA) did not affect the neuronal activity and
normalized evoked CBF (Fig. 4a), although it caused a
decline in the level of the baseline CBF (Fig. 2) [1]. The
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experimental protocol used in this study should not cause
any side effects of the drug leading to the normalized
evoked CBF.

It has been reported that hypoxia causes mild hypotension
[4, 5]. In our experiment, we avoided a significant reduction
of MABP during hypoxia by applying a stepwise decrease in
the inspired O, concentration and mild hypoxia (15% O,)
(Fig. 1). The other physiological parameters (i.e., heart rate
and PaCO,) during hypoxia were identical to those during
normoxia (Table 1), which is in agreement with the previous
report [5]. It is known that hypoxia activates distinct cellular
and molecular processes in the brain depending on both its
severity and time course (e.g., rate of decrease in oxygen
tension and duration). The protocol in the hypoxia experi-
ment was targeting PaO, within 40-50 mmHg, which was
consistent with previous studies [3-5], but kept the PaCO,,
MABP, and heart rate within the normal range. The stepwise
method of hypoxia used in this study is one of the best ways
to achieve this and did not cause any serious damage to the
brain tissue. Moreover, the inhalation of 15% O, in N, did not
evoke a hypoxic ventilatory response (i.e., increases in
minute ventilation) despite the fact that PaO, was signifi-
cantly lowered (Table 1). In this study, rats were anesthetized
and relaxed with continuous infusion of o-chloralose and
pancuronium bromide during the experiment. Muscle relax-
ation with pancuronium bromide does not cause hypoxic
ventilatory responses.
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We reported that the baseline CBF was ~5.0% lower
during hyperoxia than during normoxia [1], and we found
in the present study that it was ~17.5% higher during
hypoxia than during normoxia (Fig. 2). These results
indicate that the baseline CBF under resting conditions is
regulated to maintain a constant oxygen supply. The
infusion of LNA in rats during hypoxia abolished the effect
of hypoxia and returned the baseline to the level obtained
during normoxia (Fig. 2). A decrease in the baseline CBF
under normoxia with LNA has been reported (Fig. 2) [1].
Their results suggest that the systemic administration of
LNA suppresses the NO activity and the decline in the
baseline CBF. We considered that the increase in the
baseline CBF during hypoxia was caused by an increase in
the level of NO activity.

Mintun et al. [2] reported following a PET study that
there is no significant difference in the normalized
regional CBF response to visual stimulation between
normoxia and hypoxia and that the baseline level of CBF
is higher during hypoxia than during normoxia. The dis-
crepancy between our findings and the results of the PET
study might be a result of the differences in experimental
protocols and measurement techniques. For example, the
time resolution of LDF in this study is much higher than
that of PET. A higher time resolution of LDF is feasible
in detecting the detailed time course of evoked CBF
during hypoxia. Thus, it is possible that an increase in
evoked CBF during hypoxia could be detected in our
present LDF study that might have been smoothed out in
the PET study.

The peak amplitude of normalized evoked CBF is higher
under hyperoxia than under normoxia [1, 7]. The normal-
ized evoked CBF during hypoxia was also enhanced in
comparison with that during normoxia (Fig. 3). These
observations suggest that the evoked CBF is enhanced by
abnormal oxygen supply, such as high and low levels of
oxygen in the brain tissue. The peak amplitude of nor-
malized evoked CBF during hypoxia with LNA was also
the same as that during normoxia (Fig. 4b). We previously
reported that LNA administration during hyperoxia
decreased not only evoked CBF but also the neural activity.
Therefore, the increase in the evoked CBF during hyper-
oxia was not simply accounted for by the up-regulated
NOS expression. On the other hand, there was no signifi-
cant difference in neuronal activity between normoxia and
hypoxia with LNA (Fig. 5; Table 2). These observations
suggest that hypoxia is accompanied by an increase in NOS
activity, and that LNA administration during hypoxia
suppresses this process.

It has been reported that although the baseline CBF is
higher during hypercapnia than that during normocapnia,
there was no significant difference in normalized evoked
CBF between the hypercapnic and normocapnic conditions

[18]. These results indicated that the absolute value of
evoked CBF increases according to the baseline CBF during
hypercapnia; that is, the evoked CBF under hypercapnia is
proportional to the baseline CBF. In contrast, we established
that the normalized evoked CBF is higher during hypoxia
than during normoxia despite the increase in baseline CBF
(Fig. 3). This suggests that there are some differences in the
mechanism of NOS activity between hypercapnia and
hypoxia. Since hypoxia is accompanied by free radical
generation in the hypoxic area [19], it may be speculated that
nitric oxide radicals and their intermediate products are
involved in the regulation of evoked CBF response during
hypoxia, while hypercapnia is not accompanied by such free
radical mechanism.

A previous study showed that the increase in neuronal
activity induced by stimulation in rat was unchanged during
acute hypoxia relative to that under normoxia [3]. As men-
tioned above, in the present study, hypoxia was caused by a
stepwise mild decrease in the respiratory O, concentration.
The neuronal activity was not significantly different between
hypoxia and normoxia (Fig. 5; Table 2), suggesting that the
neural activity induced by stimulation is stable during the
experiment. The enhancement of evoked CBF during
hypoxia in this study may be caused by a low oxygen supply
level within the activated brain area.

It is well known that NO is a key mediator of cere-
brovascular responses to carbon dioxide and involved in
neurovascular coupling. However, the effects of NOS
inhibitors, such as LNA, on the neurovascular coupling
differ with each experimental condition. LNA by itself
reduced the evoked CBF slightly but not completely. This
is because the CBF response to neuronal activation is
mediated by various mediators, e.g., NO, prostaglandins,
adenosine, and ions [11, 16]. LNA blocks only NO syn-
thesis, but not the effects of other mediators of neuro-
vascular coupling. In our study, we observed that LNA
abolished completely the effect of hypoxia on the evoked
CBF response. Moreover, the evoked CBF response is
slightly lower in the presence of LNA than under nor-
moxia (Fig. 4). This means that a part of the evoked CBF
response to normoxia, but not the total response, could be
explained by the effect of NO.

Acknowledgments The present work was supported by a grant
from the Ministry of Education, Culture, Sports, Science and Tech-
nology of Japan, and KAKENHI from the Japan Society for the
Promotion of Science.

References

1. Matsuura T, Kanno I (2002) Effect of nitric oxide synthase
inhibitor on the local cerebral blood flow evoked by rat
somatosensory stimulation under hyperoxia. Comp Biochem
Physiol A 131:267-274

@ Springer



406

J Physiol Sci (2010) 60:399-406

10.

11.

. Mintun MA, Lundstrom BN, Snyder AZ, Vlassenko AG, Shul-

man GL, Raichle ME (2001) Blood flow and oxygen delivery to
human brain during functional activity: theoretical modeling and
experimental data. Proc Natl Acad Sci USA 98:6859-6864

. Lindauer U, Gethmann J, Kiihl M, Kohl-Bareis M, Dirnagl U

(2003) Neuronal activity-induced changes of local cerebral
microvascular blood oxygenation in the rat: effect of systemic
hyperoxia or hypoxia. Brain Res 975:135-140

. Sicard KM, Duong TQ (2005) Effects of hypoxia, hyperoxia, and

hypercapnia on baseline and stimulus-evoked BOLD, CBF, and
CMRO2 in spontaneously breathing animals. Neuroimage
25:850-858

. Sukhotinsky I, Dilekoz E, Moskowitz MA, Ayata C (2008)

Hypoxia and hypotension transform the blood flow response to
cortical spreading depression from hyperemia into hypoperfusion
in the rat. J Cereb Blood Flow Metab 28:1369-1376

. Kanno I, Fujita H, Hatazawa J (1996) Enhancement of CBF

response for V1 stimuli during hyperoxia: behavior of oxygen in
neuronal activation revisited. J Cereb Blood Flow Metab 17:S646

. Kashikura K, Kershaw J, Kashikura A, Matsuura T, Kanno I

(2000) Hyperoxia-enhanced activation-induced hemodynamic
response in human VI: an fMRI study. Neuroreport 11:903-906

. Duong TQ (2007) Cerebral blood flow and BOLD fMRI

responses to hypoxia in awake and anesthetized rats. Brain Res
1135:186-194

. Magistretti PJ, Pellerin L, Rothman DL, Shulman RG (1999)

Energy demand. Science 22:496-497

Tadecola C (2004) Neurovascular regulation in the normal brain
and in Alzheimer’s disease. Nat Rev Neurosci 5:347-360
Matsuura T, Takuwa H, Bakalova R, Obata T, Kanno I (2009)
Effect of cyclooxygenase-2 on the regulation of cerebral blood
flow during neuronal activation in the rat. Neurosci Res 65:64-70

@ Springer

12.

13.

14.

15.

16.

17.

18.

Tadecola C (1992) Does nitric oxide mediate the increases in
cerebral blood flow elicited by hypercapnia? Proc Natl Acad Sci
USA 89:3913-3916

Solfrizzi V, D’Introno A, Colacicco AM, Capurso C, Del Parigi
A, Capurso S, Gadaleta A, Capurso A, Panza F (2005) Dietary
fatty acids intake: possible role in cognitive decline and demen-
tia. Exp Gerontol 40:257-270

Matsuura T, Kanno I (2001) Quantitative and temporal relation-
ship between local cerebral blood flow and neuronal activation
induced by somatosensory stimulation in rats. Neurosci Res
40:281-290

Matsuura T, Fujita H, Seki C, Kashikura K, Kanno I (1999) CBF
change by somatosensory activation measured by laser-Doppler
flowmetry: independent evaluation of RBC velocity and RBC
concentration. Jpn J Physiol 49:289-296

Bakalova R, Matsuura T, Kanno I (2002) The cyclooxygenase
inhibitors indomethacin and rofecoxib reduce regional cerebral
blood flow evoked by somatosensory stimulation in rats. Exp Biol
Med (Maywood) 227:465-473

Pelligrino DA, Wang Q, Koenig HM, Albrecht RF (1995) Role of
nitric oxide, adenosine, N-methyl-p-aspartate receptors, neuronal
activation in hypoxia-induced pial arteriolar dilation in rats. Brain
Res 704:61-70

Matsuura T, Fujita H, Kashikura K, Kanno I (2000) Evoked local
cerebral blood flow induced by somatosensory stimulation is
proportional to the baseline flow. Neurosci Res 38:341-348

. Packer L, Prillipko L, Christen Y (eds) (1992) Free radicals in the

brain. Springer, Berlin



	Contribution of nitric oxide to cerebral blood flow regulation under hypoxia in rats
	Abstract
	Introduction
	Materials and methods
	Animal preparation and control of physiological conditions
	Baseline and evoked CBF measurements
	Hypoxia and application of NOS inhibitor
	Measurement of neuronal activity
	Data analysis

	Results
	Physiological variables during hypoxia and LNA administration
	Effects of hypoxia on CBF
	Application of NOS inhibitor during hypoxia
	Neural activities during experiments

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


