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The objective of this study was to evaluate whether the nitric oxide (NO) would decrease vessel wall
oxygen consumption by decreasing the mechanical work of vascular smooth muscle. The oxygen
consumption rate (QO,) of arteriolar walls in rat cremaster muscle was determined in vivo during NO
dependent and -independent vasodilation based on the intra- and perivascular oxygen tension (PO,)
measured by phosphorescence quenching technique. NO dependent vasodilation was induced by
increased NO production due to increased blood flow, while NO independent vasodilation was induced
by topical administration of papaverine. The energy efficiency was evaluated by the variable ratio of wall
tension to QO, between normal and vasodilated conditions. NO dependent and -independent dilation
increased arteriolar diameters by 13% and 17%, respectively. Vascular wall QO, decreased significantly
during both dilations. There was no significant difference between the energy efficiency during NO
dependent and -independent vasodilation, suggesting the decrease in vascular wall QO, produced by NO
to be related to a decrease in the mechanical work of vascular smooth muscle.
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NO synthesized by the endothelium of small
vessels not only controls vascular tone, but also
regulates tissue oxygen consumption. Our recent
study demonstrated that inhibition of NO
synthesis increases oxygen consumption of
arteriolar  walls, while enhancement of
flow-induced NO release decreases it [1]. On the
other hand, oxygen consumption by vascular
walls in vivo arterioles depends on vascular tone;
vascular smooth muscle contraction significantly
increases oxygen consumption, whereas vascular
smooth muscle relaxation decreases it [2]. These
findings raise the question of whether NO
modulation of oxygen consumption has a direct
effect on cell respiration or is a result of change
in the mechanical work of vascular walls. To
answer the question, we determined the energy
efficiency of vascular walls in skeletal muscle
arterioles in vivo during NO dependent and
-independent vasodilation. The energy efficiency
was calculated by changes in circumferential wall
tension and vascular wall oxygen consumption
rates before and during vasodilation.

Experiments were performed using male
Wistar rats weighing 150 to 200 g. All animal
procedures were approved by the University of
Tokyo Animal Care and Use Committee. Animals
were anesthetized with urethane, and a
tracheotomy was performed to facilitate
spontaneous breathing. The cremaster muscle

was spread out in a bath chamber to observe
microcirculation.  General  observations  of
microcirculation and in vivo PO, measurements
were performed by an intravital laser microscope
combined with the oxygen-dependent quenching
of phosphorescence decay technique [3]. Intra-
and perivascular PO, measurements were made
at first order (1A) arterioles having a diameter of
approximately 100 um. QO, of vascular walls
was calculated by employing a modified Krogh
capillary-tissue model for an arteriolar wall, as
previously described [2]. Assuming that the
arteriole is cylindrical and has an outer radius and
an internal radius of R, and R;, respectively, the
oxygen consumption rate per unit tissue volume
per unit of time in its wall (QO,: mIOy/s/g) can
be expressed as:

QO; = (POyin—POyperi) (4atDy)/[2Ry* In(Ro/Ri)
- (ROZ* Riz)]

where PO,pei and PO,y represent the PO, values
measured in the vicinity of the outer surface of
the arteriolar wall and within the arteriole,
respectively. o and D; represent oxygen
solubility and oxygen diffusivity, respectively, in
the arteriolar wall, for which values of 3.0 x 10°
ml/g/mmHg and 1.5 x 10®° cm?s, respectively,
were used. Therefore, QO, of the vessel wall was
determined by utilizing the measured intra- and
perivascular PO, values of the arteriole.

After intra- and perivascular PO,
measurements of 1A arterioles under normal
conditions, the PO, measurements during NO
dependent or independent vasodilation were once
again performed at the same sites. NO dependent
vasodilation was induced by the flow-induced
NO release from ECs, in which the mechanical
occlusion of one branch of arteriolar bifurcation
causes an increase in blood flow in the
unoccluded branch. NO independent vasodilation
was induced by topical administration of
papaverine (10 mol/l) to the muscle surface. As
mechanical energy would be required to maintain
the vessel diameter against blood pressure, the
energy efficiency of the wvessel wall was
determined from the total amount of mechanical
work needed to change wvessels from a
vasodilated to a normal state and its energy cost.
This value was defined as the ratio of changes in
circumferential wall stress and  oxygen
consumption rate in the arteriole from vasodilated
to normal state [AT/AQO,].

All data are reported as means + SD. Data
within each group were analyzed by analysis of
variance for repeated measurements (ANOVA).
Differences between groups were determined
using a t-test with the Bonferroni correction.
Differences with a P-value of < 0.05 were
considered statistically significant.



Nine rats were used to study the response to
NO dependent vasodilation, and six rats to study
NO independent vasodilation. Systemic arterial
PO,, PCO,, and pH were measured with a blood
analysis system in samples from the carotid
arteries after performing the microvascular PO,
measurements. In the NO dependent vasodilation
study, arterial PO, averaged 89.7 + 6.0 mmHg,
and arterial PCO, and pH averaged 48.8 * 8.7
mmHg and 7.33 + 0.05, respectively. On the
other hand, for the study of NO independent
vasodilation, the arterial PO, was 97.8 £ 10.5
mmHg, the arterial PCO, 46.1 £ 8.2 mmHg and
pH 7.31 £ 0.05. Mean arterial blood pressure
averaged 77.6 £ 7.1 mmHg.

Changes in vessel diameters during vasodilation.

The maximum values of internal diameter
during the occlusion period (60 seconds) and
after application of papaverine were defined as
the diameter values during NO dependent and
independent vasodilation. The individual internal
diameter changes of arterioles for each
preparation and mean percent changes before and
during NO dependent and independent
vasodilation are shown in Fig. 1. NO dependent
and independent dilation increased diameters by
13%, and 17%, respectively, relative to the values
under normal conditions. The diameter values
during NO dependent and independent dilation
were hoth significantly higher than the values
before dilation. Based on these vessel diameter
data, the changes in circumferential wall tension
in the arteriole under normal conditions and
during vasodilation were calculated utilizing the
Laplace law. Fig. 2 shows the circumferential wall
stress increment in the arteriole before and during
NO dependent or independent vasodilation (AT:
dyn/cm?). The AT during NO independent
vasodilation was greater than that during the NO
dependent vasodilation, since AT depends on
changes in vessel diameter.

Intra- and perivascular PO, and vascular wall
QO..

The changes in the average values of intra-
and perivascular PO, in arterioles before and
during NO dependent and independent
vasodilation are shown in Fig. 3. Intravascular
PO, values of the arterioles under all conditions
were significantly lower than the systemic
arterial PO, value. Perivascular PO, values of the
arterioles during NO dependent and independent
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Figure 1 Individual changes in internal
diameters of arterioles for each preparation
before and during NO dependent and
independent vasodilation (top and middle),
and their mean relative changes (bottom).
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Figure 2 The circumferential wall stress
increment in the arteriole before and during
NO dependent and independent vasodilation
(AT: x10*dyn/cm?).
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Figure 5 The wvessel wall energy
efficiencies during NO dependent and
independent vasodilation..

vasodilation were significantly higher than
control. The average values of vessel wall QO, in
arterioles before and during NO dependent and
independent vasodilation calculated from the
individual intra- and perivascular PO, data are
shown in Fig. 4. The QO, of arteriolar walls
during NO dependent and independent
vasodilation was significantly lower than control,
however, wvessel wall QO, during NO

independent vasodilation was significantly lower
than that during NO dependent vasodilation. To
evaluate the participation of NO in vessel wall
oxygen consumption, the energy efficiencies of
vessel walls during NO dependent and
independent vasodilation were calculated (Fig. 5).
There was no significant difference in vessel wall
energy efficiency during NO dependent versus
independent vasodilation, suggesting that vessel
wall oxygen consumption depends on the amount
of mechanical work performed by vessel walls.

The principal finding of the present study is
that the energy efficiencies of vessel walls in
arterioles during NO dependent and independent
vasodilation have no significant difference, and
the decrease in vessel wall oxygen consumption
produced by NO depends on the reduced
mechanical work of vascular smooth muscle.

Vascular wall oxygen consumption rates

obtained in this study were 1-2 orders of
magnitude higher than reported values of
vascular cells measured from isolated vascular
segments. High oxygen consumption by
functional arterioles has been demonstrated by
many groups [4]. These discrepancies from in
vitro data may be explained by the differences of
experimental environments. Since most tissue
segment studies were conducted under static
conditions, in the absence of physiological
function, they were under lower metabolic
activity.
The QO, of arteriolar walls was calculated based
on the measured intra- and perivascular PO,
values before and during NO dependent and
independent  vasodilation. NO  dependent
vasodilation was performed by the parallel
arteriolar bifurcation occlusion method [5], in
which increased NO release by vascular
endothelial cells was induced by an increase in
blood flow through an unoccluded arteriole.
Intravascular pressure within an unoccluded
arteriole may rise during occlusion, but the effect
of the increase in pressure on vasodilation is
negligible. Most of the vasodilation was induced
by the increase in flow-dependent NO release,
since arteriolar diameter increased only 2.5%
during occlusion using L-NAME or L-NAME
plus indomethacin (data not shown), whereas it
increased 13% during occlusion. The 2.5%
increase in diameter may have been caused by
intravascular pressure changes.

In  conclusion, NO dependent and
independent vasodilation both decreased vessel
wall oxygen consumption in arterioles. There was
no significant difference in energy efficiencies of
vessel walls between NO dependent and
independent vasodilation. It appears that NO
decreases vessel wall oxygen consumption by
decreasing vascular smooth muscle mechanical
work.
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