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Abstract The effect of static exercise on neurovascular
coupling (NVC) was investigated by measuring the blood
flow velocity in the posterior cerebral artery (PCAv) during
2-min static handgrip exercises (HG) at 30 % of the
maximum voluntary contraction in 17 healthy males. NVC
was estimated as the relative change in PCAv from eye
closing to a peak response to looking at a reversed
checkerboard. The conductance index (CI) was calculated
by dividing PCAv by the mean arterial pressure (MAP).
HG significantly increased PCAv from the resting baseline,
with an increase in MAP and a reduction in CI, whereas
NVC did not differ significantly between the resting and
HG. Compared to the resting baseline, HG significantly
increased the pressor response to visual stimulation by
5.6 £ 1.1 (mean £ SE) mmHg, while the CI response was
significantly inhibited by —7.0 £ 1.5 %. These results
indicate that NVC was maintained during HG via contri-
butions from both the pressor response and vasodilatation.
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Introduction

Nutrition and blood flow is secured in the brain, particu-
larly in the working region of the brain, by neurovascular
coupling (NVC), which is defined as adjusting the local
cerebral blood flow (CBF) according to the underlying
cortical neural activity [1]. In fact, transcranial Doppler
(TCD) ultrasound flowmetry studies have revealed the
existence of visually evoked CBF velocity responses
(VEFR) [2]. Subjects looking at a reversed checkerboard,
which is used widely as a visual stimulant, was shown to
induce an 18 % increase in the blood flow velocity (PCAv)
in the posterior cerebral artery (PCA), which supplies
blood to the visual cortex [3]. The magnitude of this VEFR
has been used to assess NVC.

It is important to meet a metabolic demand increased by
visual information processing in the visual cortex under any
physiological conditions. Nevertheless, a previous study has
indicated that an increase in mean arterial pressure (MAP)
modified the magnitude of the NVC. The magnitude of the
NVC increased during the cold pressor test (CPT), accom-
panied by an increase in the baseline PCAv with pressor
response [3]. Thus, there is a possibility that the NVC is not
always maintained, but modified when the baseline PCAv
increases under the influence of pressor response with
sympathetic activation. In the present study, to investigate
an effect of pressor response on NVC, static handgrip
exercise (HG) and post-exercise muscle ischaemia (PEMI)
were applied as stimulations which cause an acute elevation
in MAP induced by an activation of the sympathetic nerve.

In addition to the effect of MAP at baseline, i.e., before
visual stimulation, on the magnitude of the NVC, a pos-
sible MAP increase in response to visual stimulation could
affect the NVC. No study observed has as yet the response
of MAP against visual stimulation.

@ Springer



196

J Physiol Sci (2014) 64:195-201

The PCAv response itself to static exercise has not yet
been studied. Ogoh et al. [4] reported an increase in the
blood flow velocity (MCAV) in the middle cerebral artery
(MCA) during HG at 30 % of the maximum voluntary
contraction (MVC). A regional difference between the
carotid and vertebral arteries during dynamic exercise was
revealed [5]. Although the NVC is reportedly maintained,
in spite of the increased baseline PCAv, during aerobic
exercise at 70 % of the maximum heart rate (HR) [6], it is
still unclear whether the magnitude of the NVC and PCAv
increases during HG and activation of the exercise pressor
reflex, which originates from mechano- and metabosensi-
tive receptors activated by mechano- and metaboreflexes in
active muscles [7].

Previous studies reported an absence of vasoconstriction
in MCA and anterior cerebral artery (ACA) with sympa-
thetic activation induced by metaboreflex after rhythmic
handgrip exercise at 20 % MVC and isometric calf exer-
cise at 35 % MVC [8, 9]. In turn, it is uncertain whether the
NVC and PCAv are affected by metaboreflex activation
after HG as well as MCA and ACA because of different
branches of these cerebral arteries.

In the present study, we describe the response of PCAv
to a visual stimulation during HG and PEMI. Then, we
examined hypotheses: (1) HG increases the magnitude of
the PCAv response to visual stimulation due to possible
effects of PCAv and MAP at baseline and during visual
stimulation on NVC; and (2) pressor response accompanied
by metaboreflex modifies the NVC. These hypotheses were
tested by evaluating changes in NVC and PCAv during HG
and PEMI after HG to isolate metaboreflex activation. No
study using the CPT [3] and dynamic cycling exercise [6]
has revealed the role of pressor response on NVC and
PCAv. The present study investigated the effect of acute
elevation in MAP on NVC and PCAv.

Methods
Subjects

Seventeen males (age 25 £ 1.1 years, mean + SE; height
172 £ 1 cm; weight 65 £ 2 kg) volunteered for this study.
All subjects were non-smokers, normotensive, and free
from any known autonomic dysfunction and cardiovascular
disease, and were not taking any medication. The Ethics
Committee of the Institution of Health Science, Kyushu
University, Japan, approved the experimental protocol, and
each subject provided written informed consent to partici-
pate prior to the commencement of the study. All protocols
conformed to the Declaration of Helsinki. Before the
experiments were performed, each subject visited the
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laboratory for familiarization with the techniques and
procedures of the protocol.

Protocol

The subjects arrived at the laboratory after having
abstained from caffeinated beverages and strenuous exer-
cise for 6 h, and from eating for 2 h; they had not expe-
rienced sleep loss during the previous night. All studies
were performed in a darkened and quiet room at an ambient
temperature of 23 °C. The MVC was taken as the greatest
force produced during a maximal effort with the subject’s
left hand using a load cell attached to a modified HG
dynamometer at least 10 min before starting the measure-
ment. These data were used to determine the 30 % MVC
for each subject. The subjects were instructed to keep their
eyes closed at all times except for periods when visual
stimulation was applied. Subjects who wore glasses took
them off for the duration of the experiment.

After a 2-min resting period, subjects performed 2 min
of HG at an intensity of 30 % MVC with auditory feedback
from an experimenter. They were instructed not to hold
their breath so as to avoid a Valsalva maneuver during the
HG. A cuff placed on the left upper arm was rapidly
inflated to suprasystolic pressure (220 mmHg) 5 s before
cessation of the HG (PEMI trial). The cuff remained
inflated for 2 min to activate the metaboreflex. In the
control trial, PEMI was not performed and a 2-min
recovery period was allowed after the exercise period.
Subjects received visual stimulation for 6 min in both the
PEMI and control trials, and rested for at least 15 min
between trials. The order of the trials was randomized.

Measurements

Blood pressure (BP), HR, PCAv, and the end-tidal carbon
dioxide partial pressure (PgrCO,) were measured contin-
uously in all trials. The beat-by-beat BP was recorded with
a continuous finger photoplethysmography attached to the
right middle finger (Finometer; Finapres Medical Systems,
Amsterdam, The Netherlands). The continuous HR was
determined from a standard electrocardiogram (ECG;
MEG2100; Nihon-Kohden, Tokyo, Japan). The analogue
signals were sampled at 1 kHz using an A/D converter
(PowerLab 8/30; ADInstruments, Colorado Springs, CO,
USA). The minute-by-minute HR and mean arterial pres-
sure (MAP) were calculated from the ECG and BP
recordings, respectively. The exerted force was measured
by a load cell (LTZ-200KA; Kyowa Dengyo, Tokyo,
Japan) in the HG dynamometer. The analogue signal of the
force was produced by an instrumentation amplifier
(WGA-650A; Kyowa Dengyo). PgrCO, was monitored
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with a gas analyser (AE-310s; Minato Medical Science,
Tokyo, Japan).

The mean PCAv was obtained by transcranial ultraso-
nography (WAKI; Atys Medical, St-Genis-Laval, France).
A 2-MHz Doppler probe was placed at the right temporal
window and fixed using a head band. The vessel was
identified by TCD ultrasonography according to standard
criteria [10]. The MCA was insonated at a depth of
50-60 mm with a standard hand probe, followed by in-
sonation of the PCA at a depth of 60-70 mm. To confirm
the accurate insonation of the PCA, we performed ipsilat-
eral carotid compression, which increased the PCAv and
decreased the MCAvV [2]. The length of the sample volume
was set at 6 mm.

Visual stimulation

The stimulus session consisted of six repetitions of 20-s
periods of eye closing and 40-s periods of visual stimula-
tion. The visual stimulant was a reversed checkerboard.
Subjects were seated 0.5 m from the front of a 24-inch flat
computer screen (visual angle of 25°). During the stimu-
lation period, subjects were asked to gaze at a small red
spot at the center of the computer screen. During the eye-
closing period, the screen was black and the subjects were
asked to close their eyes. The checkerboard pattern com-
prised black-and-white squares arranged with a spatial
frequency of 1.6 cycles/degree. The black-and-white
squares were alternated at a frequency of 2 Hz.

Data analysis

We estimated the NVC as the averaged relative change in
PCAv between the mean value obtained during the 20 s of
eye closing and the peak response obtained during the 40 s
of visual stimulation. In the 2-min resting baseline period,
the peak velocity to visual stimulation was identified for
each trial, and this was averaged across two repetitions in
each individual. During the 2-min HG and PEMI or the
corresponding recovery periods, NVC was determined
during the last 1 min in order to remove MAP fluctuations.
The conductance index (CI) of the cerebral vessel was
calculated by dividing the PCAv by the MAP.

Data were expressed as mean & SE values. The effects
of trial and time on the PCAv, the MAP, and the CI
responses to visual stimulation were examined by two-way
repeated-measures ANOVA. When a significant F value
was detected, the data were further analyzed using Bon-
ferroni’s post hoc test. The HR, MAP, Pr1CO,, PCAv, and
CI of non-stimulation (eye closing) during HG were
compared to their resting baseline counterparts using a
paired ¢ test. The PCAv, MAP, and CI responses to visual
stimulation were compared to the prestimulation (eye-

PCAv(cm/s)

MAP (mmHg)

Cl (cmisimmHg)

20 0 20

[ Eye-closingbaseline | Visual stimulation |

Time (s)

Fig. 1 The time series of PCAv, MAP, and CI immediately before
and after visual stimulation during resting baseline in the control trial
in a subject. Looking at a reversed checkerboard increased the PCAv,
accompanied by an increase in MAP and PCA CI

closing) baseline data using a paired ¢ test. The level of
statistical significance was set at p < 0.05. The statistical
analyses were performed with SPSS (PASW statistics 18;
SPSS, 1L, USA).

Results

When a subject looked at a reversed checkerboard at rest,
the PCAv increased (Fig. 1). The stimulation by checker-
board also increased MAP whereas HR showed no change
at rest. Similar responses were observed during HG and
recovery period.

Systemic changes

HG significantly increased HR and MAP from the resting
baseline values in both the control and PEMI trials
(p < 0.05; Table 1). HR returned to the resting baseline
level during PEMI and the corresponding recovery period
(p > 0.05). MAP was not significantly different during the
recovery period of the control trial, compared to the
baseline (p > 0.05). The HR and MAP at rest and during
HG did not significantly differ between the control and

@ Springer



198

J Physiol Sci (2014) 64:195-201

Table 1 Heart rate (HR), mean arterial pressure (MAP), and posterior cerebral artery blood flow velocity (PCAv) at resting baseline, and during
static handgrip exercise and recovery or post-exercise muscle ischaemia (PEMI)

Control trial PEMI

Rest Handgrip Recovery Rest Handgrip PEMI
HR (bpm) 65.0 & 2.0 762 + 2.6+ 63.9 + 2.1 638+ 1.8 775 & 2.5+ 67.1 £ 2.6
MAP (mmHg) 86.6 + 2.8 105.3 & 4.0%" 89.4 + 3.2 88.0 + 3.3 105.6 & 4.4%" 99.2 + 3.4
PCAv (cm/s) 322 4 2.0 36.0 £ 2.4%" 33.0 £ 2.1 333 £ 1.7 37.1 & 2.1%7 33.7 £ 2.1

Data are mean £ SE values

* p < 0.05 vs. resting baseline; " p < 0.05 vs. recovery period; * p < 0.05 vs. control trial
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Fig. 2 Relative changes in a the blood flow velocity in the posterior
cerebral artery (PCAv) and b the conductance index (CI) from resting
baseline to handgrip exercise, and recovery or post-exercise muscle
ischaemia (PEMI). n.s. not significant; *p < 0.05 vs. resting baseline;
p < 0.05 vs. recovery; *p < 0.05 vs. control

PEMI trials (p > 0.05). PgrCO, did not change signifi-
cantly from the resting level during either HG or the
recovery  periods (39.2 £ 0.6, 39.7 +£ 0.7, and
39.5 £ 0.7 mmHg, respectively, p > 0.05).

PCAv during HG and PEMI
HG increased PCAvby 11.7 £ 2.0and 11.1 £ 1.5 %, while

it decreased CI in PCA by —7.6 & 2.2 and —7.1 £ 1.7 %
from the resting baseline in the control and PEMI trials,
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respectively (p < 0.05; Table 1; Fig. 2a, b). PCAv did not
change significantly from the resting baseline during PEMI
or the corresponding recovery periods (0.8 £ 2.0 and
2.3 + 1.1 %, respectively, p > 0.05). PCAv and CI at rest
and during HG did not differ significantly between the con-
trol and PEMI trials (p > 0.05). Conversely, CI decreased
significantly from the resting baseline during PEMI
(=94 £ 2.5 %, p < 0.05) but not during the recovery per-
iod of the control trial (—1.0 £ 1.3 %, p > 0.05).

NVC during HG and PEMI

Compared to the resting baseline, NVC, i.e., increase in PCAv
evoked by visual stimulation, showed no significant change
during HG in both the control and PEMI trials (12.7 £ 1.6 and
11.5 £ 1.1 %, in resting and HG, respectively, in control tri-
als,and 13.1 £ 1.0and 10.0 £ 1.0 %, respectively, in PEMI,
p > 0.05; Fig. 3a). Compared to the resting baseline, HG
significantly increased the MAP response to visual stimulation
(3.7 £ 1.1 and 9.6 £ 1.1 mmHg, in control trials, respec-
tively; and 3.5 £ 0.9 and 8.8 £ 1.2 mmHg, in PEMI,
respectively, p < 0.05; Fig. 3b), while it significantly
decreased the CI response (8.4 & 1.6 and 2.1 + 1.3 %, in
control trials, respectively; and 8.6 + 1.2and 1.4 £ 1.5 %, in
PEMI, respectively, p < 0.05; Fig. 3c). In turn, the PCAv,
MAP, and CI responses to visual stimulation did not differ
significantly from the resting baselines during PEMI and the
corresponding recovery periods (11.5 + 1.1 and 8.8 & 1.0 %,
respectively, for PCAv; 3.7 £ 1.5 and 3.0 = 0.9 mmHg,
respectively, for MAP; 7.6 & 1.7 and 5.2 £ 1.2 %, respec-
tively, for CI; p > 0.05). These variables did not differ sig-
nificantly between the control and PEMI trials (p > 0.05).

Discussion

The main findings of the present study are as follows:

1. HG increased PCAv from the resting baseline, and this
increase was accompanied by an increase in MAP and
a decrease in PCA CI.
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Fig. 3 Relative change in PCAv (a), absolute change in mean arterial
pressure (MAP) (b), and relative change in CI (¢) from eye-closing
baseline to the visual stimulation period at resting baseline, handgrip
exercise, and recovery or PEMI. *p < 0.05 vs. resting baseline;
p < 0.05 vs. recovery period

2. NVC remained constant during HG, compared with the
resting baseline, while MAP and CI made different
relative contributions to the maintenance of the NVC.

3. Metaboreflex activation did not increase the PCAv nor
modify NVC.

PCAv during HG and PEMI

HG increased PCAv and MAP but reduced CI in the
present study. These findings indicate that HG increases
PCAv, accompanied not by the vasodilatation but by the
pressor response evoked by exercise. In agreement with
previous studies of MCA [8] and ACA [9], the increase in
PCAv induced by HG did not persist during PEMI and the
corresponding recovery periods, although the increased
MAP and sympathetic activation continued during PEMI.
The increase in MAP during PEMI in the present study
ensured a successful activation of the metaboreflex. These
results demonstrate that HG increases the PCAv, and that
this increase does not depend directly up on activation of
the metaboreflex.

Increase in PCAv was induced not by the change in
PerCO, but by the elevation in MAP during HG. PgrCO,
remained unchanged from the resting baseline level during
HG and the subsequent recovery period in the present
study. This result is consistent with previous studies finding
an increase in MCAv without a change in PgrCO, during
HG at 30 % MVC and the subsequent recovery period [4,
11, 12]. In turn, we cannot totally deny a possible effect of
PerCO, decreased by hyperventilation during PEMI
because there are no data on PgtCO, during the PEMI
period in the present study due to technical reasons.
However, it was presumed that PCAv was not affected by
PgrCO; even during PEMI, based on the previous study
which demonstrated that PgrCO, remained unchanged
from resting during PEMI after isometric voluntary calf
exercise at an intensity of 35 % MVC [12]. Thus, PgrCO,
would not be affected by metaboreflex activation after HG
at 30 % MVC in the present study.

NVC during HG and PEMI

NVC, i.e., the increase in PCAv with visual stimulation,
was maintained during HG, although PCAv was increased
by the exercise-induced pressor response at the eye-closing
baseline. On the other hand, an increase in MAP response
to visual stimulation was observed during HG, whereas a
decreased CI response was detected in the present study.
These results indicate that HG has no effect on the mag-
nitude of the NVC, whereas it may influence the relative
contributions to NVC of the pressor response and vasodi-
latation. The discussion above is acceptable when the
vessel diameter of the PCA remains stable as reported in
MCA [13]. NVC is calculated from relative response in
PCAv, thus is determined by perfusion pressure and CI.
Supposing MAP is proportional to perfusion pressure,

@ Springer



200

J Physiol Sci (2014) 64:195-201

MAP and CI are only factors explaining the stable NVC,
when vessel diameter in PCA and MAP are stable.

The present findings do not support the notion that
vasodilatation is the sole contributor to the increase in the
PCAUV in response to visual stimulation. Other studies have
investigated the factors inducing NVC, and have suggested
arole of local vasodilatation induced by nitric oxide [14] or
neuronal activity with y-aminobutyric acid [15]. However,
the CI response to visual stimulation has not been reported
previously [3, 16]. In the present study, the increase in
PCAv was associated not only with an increase in CI (i.e.,
vasodilatation) but also with the MAP response during
visual stimulation. Thus, the PCAv response to visual
stimulation was attributable to both vasodilatation and the
pressor response evoked by visual stimulation.

The role of the pressor response in the increase in PCAv
was greater in HG than at rest. There was a greater pressor
response to visual stimulation during HG than at rest, in
spite of a lesser increase in the CI. It is possible that the
amplitude of the fluctuation affects the result, since we
observed a greater fluctuation in resting PCAv and MAP,
thus likely resulting in the decreased CI response. Further
studies are needed to elucidate the relative contributions of
these mechanisms to NVC at rest and during exercise.

NVC would not be affected by acute elevation in MAP
with HG. Azevedo et al. [16] found that the magnitude of
the NVC did not change in response to visual stimulation
under different orthostatic conditions in healthy young
volunteers. Therefore, the magnitude of the NVC appears
to be independent of acute systemic changes such as those
induced by static exercise and orthostatic stress.

In the present study, PEMI after HG at 30 % MVC had
no effect on the NVC. Fabjan et al. [3] demonstrated that
NVC increased during the CPT, which caused sympathetic
activation induced by cold and pain stimulation to the
skin. Conversely, HG may have induced a complex reg-
ulation of the cardiovascular system, central command,
and the reflex of active muscle mechanosensitive, me-
tabosensitive, and arterial baroreceptors [17]. This is in
contrast to the report by Fabjan et al. [3] indicating the
effect of sympathetic activation induced by CPT on the
NVC. It is implied that exercise pressor reflex with the
activation of metaboreflex did not have an explicit role for
the increased PCAv in response to visual stimulation. A
possibility remained that there is a difference of the
activation of the sympathetic nerve induced by CPT or
HG. In addition, Vianna et al. [12] demonstrated that the
increase in MCAv during HG was independent of a
sympathetic activation with CPT, by measuring MCAvV
during a combination of HG and CPT. Considering this
previous study, the vasoconstriction with sympathetic
activation induced by PEMI might be attenuated by
vasodilatation with local metabolic demand in the brain.
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Technical considerations

The PCAv was obtained by TCD ultrasonography. One
limitation of PCAv measurements is that the blood flow is
affected by the vessel diameter, which cannot be measured.
The diameter of the MCA remains relatively constant
during physiological stimulation [13], and so it is feasible
that PCAv is truly representative of the PCA blood flow,
although there are no data confirming that the diameter of
the PCA does not change during disturbances.

With regard to the evaluation of NVC, we believe that
both the absolute and relative changes in PCAv are phys-
iologically relevant. Most previous studies have quantified
NVC as the relative change in PCAv because this ensures
independence from the insonation angle [3, 16]. The VEFR
should be evaluated under conditions of vasodilatation
induced by other stimuli (e.g., carbon dioxide) during
exercise.

The findings of the present study demonstrate that HG
induces an increase in PCAv and keeps the NVC constant
in humans. The increased PCAv was not maintained during
PEMI or the control recovery periods, while the stable
NVC persisted, suggesting that neither response is due to
metaboreflex activation. Moreover, an increase in the
pressor response and a decrease in the CI response to visual
stimulation during HG were observed in this study. It is
therefore possible that the contributions of the pressor
response and vasodilatation towards preserving the NVC
may alter during the exercise-induced pressor response.
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