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Heart Circ Physiol 294: H441-H448, 2008. First published November
16, 2007; doi:10.1152/ajpheart.01021.2007.—We have recently demon-
strated that endothelium-derived hydrogen peroxide (H20;) is an
endothelium-derived hyperpolarizing factor and that endothelial Cw/
Zn-superoxide dismutase (SOD) plays an important role in the syn-
thesis of endogenous H20; in both animals and humans. We exam-
ined whether SOD plays a role in the synthesis of endogenous Hz0,
during in vivo reactive hyperemia (RH), an important regulatory
mechanism. Mesenteric arterioles from wild-type and Cu,Zn-SOD ™/~
mice were continuously observed by a pencil-type charge-coupled
device (CCD) intravital microscope during RH (reperfusion after 20
and 60 s of mesenteric artery occlusion) in the cyclooxygenase
blockade under the following four conditions: control, catalase alone,
NY-monomethyl-t-arginine (L-NMMA) alone, and L-NMMA + cata-
lase. Vasodilamation during RH was significantly decreased by
catalase or L-NMMA alone and was almost completely inhibited by
L-NMMA + catalase in wild-type mice, whereas it was inhibited
by L-NMMA and L.-NMMA + catalase in the Cu,Zn-SOD™~ mice.
RH-induced increase in blood flow after .L-NMMA was significantly
increased in the wild-type mice, whereas it was significantly reduced
in the Cu,Zn-SOD™/~ mice. In mesenteric arterioles of the Cu,Zn-
SOD ™~ mice, Tempol, an SOD mimetic, significantly increased the
ACh-induced vasodilatation, and the enhancing effect of Tempol was
decreased by catalase. Vascular H,O, production by fluorescent
microscopy in mesenteric arterioles after RH was significantly in-
creased in response to ACh in wild-type mice but markedly impaired
in Cu,Zn-SOD ™'~ mice. Endothelial Cu,Zn-SOD plays an important
role in the synthesis of endogenous H,0; that contributes to RH in
mouse mesenteric smaller arterioles.

nitric oxide; endothelium-derived hyperpolarizing factor; arteriole;
vasodilatation

THE ENDOTHELIUM SYNTHESIZES and releases endothelium-derived
relaxing factors (EDRFs), including vasodilator prostaglan-
dins, nitric oxide (NO), and as yet unidentified endothelium-
derived hyperpolarizing factor (EDHF). Since the first reports
on the existence of EDHFs (4, 8), several candidates for EDHF
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have been proposed (9), including cytochrome P-450 metabo-
lites (2, 3), endothelium-derived K* channel (7), and electrical
communications through gap junctions between endothelial
cells and vascular smooth muscle cells (34). Matoba et al. (19a,
19b, 20) previously identified that endothelium-derived hydro-
gen peroxide (H20,) is a primary EDHF in mesenteric arteries
of mice, pigs, and humans. Morikawa et al. (24a, 25) subse-
quently confirmed that endothelial CwZn-superoxide dis-
mutase (SOD) plays an important role in synthesizing EDHF/
H50; in mice and humans. Recently, our laboratory (41a, 42)
confirmed that endogenous H,0; plays an important role for
autoregulation and protection against reperfusion injury in
canine coronary microcirculation.

Reactive hyperemia (RH) is an important regulatory mech-
anism of the cardiovascular system in response to a temporal
reduction in blood flow for which both mechanosensitive (e.g..
myogenic and shear mediated) and metabolic regulatory pro-
cesses may be involved (6, 14a, 28). For the RH response of
canine coronary microcirculation, NO, ATP-sensitive K*
channels, and adenosine may all be involved (11, 41). Shear
stress plays a crucial role in modulating vascular tone by
stimulating the release of EDRFs (8, 32), and all three EDRFs
(PGI2, NO, and EDHF) are involved in flow-induced vasodi-
latation (15, 18, 33, 44),

However, it remains to be examined whether endogenous
H,0; is involved in the vasodilator mechanism of RH and, if
so, whether endothelial Cu,Zn-SOD plays a role in the synthe-
sis of endogenous H,0, during RH. The present study was thus
designed to address these important issues in mice. Our labo-
ratory (42, 44) previously reported that the contribution of
EDHF to the vasodilatory mechanisms increases as the diam-
eter of the vessel decreases. Thus, by employing a pencil-type
charge-coupled device (CCD) intravital microscope with a
high resolution, we focused on the arterioles with a diameter of
<50 pm in vivo.

METHODS

The present study was approved by the Animal Care and Use
Committee of Kawasaki Medical School and conformed to the guide-
lines on animal experiments of Kawasaki Medical School and rhe
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Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health.

Animal preparation. Male Cu,Zn-SOD™'~ and control mice
(10-16 wk of age) derived from breeding pairs of heterozygous
(Cu,Zn-SOD™*'") mice (Jackson Laboratory, Bar Harbor, ME) were
used (25). They were placed on a heating blanket to maintain body
temperature at 37°C throughout the experiment. The animals were
ancsthetized with 1% inhalational anesthesia of isoflurane. After
tracheal intubation, they were ventilated with a mixture of room air
and oxygen by a ventilator. The abdomen was opened, and a 24-Fr
catheter was inserted into the abdominal aorta to measure aortic
pressure. Mesenteric arterioles were continuously observed by a
pencil-type intravital microscope (Nihon Kohden, Tokyo, Japan) (13).

Measurements of diameter by pencil-type intravital microscape.
Mesenteric arterioles were visualized using a pencil-type intravital
microscope (13). The system was modified for the visualization of
microcirculation from our previous needle-probe CCD videomicro-
scope system (40). The microscopic images were monitored and
recorded on a digital videocassette recorder (Sony, Tokyo, Japan)
every 33 ms (30 frames/s). The spatial resolution of a static image of
this system is (.5 um for X600 magnification. The field of view is
367 % 248 um, and the focal depth is 50 pm.

M ts of regional blood flow in mesenteric arteries. Re-
gional blood flow in mesenteric arteries was measured by the nonra-
dioactive microsphere (15 um; Sekisui Plastic, Tokyo, Japan) tech-
nique at the end of the experiments, as previously described (24).
Briefly, a bolus (50 pl) of the microspheres suspension (5§ X 10°
spheres; Ce and Ba) were injected into the abdominal aorta at baseline
and 5 s after the reperfusion of the mesenteric artery with confirming
changes of the blood flow of the mesenteric artery by a CCD intravital
microscope and without inducing hemodynamic changes (14). Mice
were euthanized, and the mesenterium was extracted. The X-ray
fluorescence of the stable heavy elements was measured by a wave-
length-dispersive spectrometer (model PW 1480; Phillips, Eindhoven,
the Netherlands). The relative increase in blood flow of mesenterium
[microsphere count/tissue weight (g)] during RH from baseline was
calculated.

Detection of H>0: and NO production in mesenteric microvessels.
2',7"-Dichlorodihydrofluorescein diacetate (DCF-DA; Molecular Probes,
Eugene, OR) and diaminorhodamine-4M AM (DAR; Daiichi Pure
Chemicals, Tokyo, Japan) were used to detect H20; and NO produc-
tion in mesenteric microvessels, respectively, as previously described
(41a). Briefly, fresh and unfixed mesenteric tissue was cut into several
blocks and immediately frozen in an optimal cutting temperature
compound (Tissue-Tek: Sakura Fine Chemical, Tokyo, Japan). After
washout of the mesenteric tissue with phosphate-buffered solution
under a normal temperature, fluorescent images of the microvessels

Table 1. Hemodynamics during RH
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were obtained 3 min after application of acetylcholine (ACh) by using
a fluorescence microscope (Olympus BX51) (41a). We defined the
baseline fluorescent intensity as the response in the vascular endothe-
lium just after the injection of NO or H20, fluorescent dye, The
fluorescence data at baseline (both DCF-DA and DAR) were obtained
after the RH.

Experimental protocol. We performed four protocols, First, mes-
enteric arterioles in wild-type and Cu,Zn-SOD ™'~ mice were contin-
uously observed by a pencil-type intravital microscope during RH
(reperfusion after 20 and 60 s of mesenteric artery occlusion) with
cyclooxygenase blockade [indomethacin, 5 X 10~% mol/ topical
administration (ta)] with the following four conditions: control, catalase
alone [1,500 U-min~"- 100 g body wi ™' intra-arterial administration (ia)
polyethylene glycol-catalase, a specific decomposer of H30,], NO syn-
thase inhibitor alone (10~ mol/l ta L-NMMA), and L-NMMA + catalase
(17). In the presence of indomethacin and L-NMMA, microspheres
were administered at baseline and 5 s after the reperfusion into the
abdominal aorta by bolus injection because RH peaked within 20-60
s afier release from 20- and 60-s occlusion (29). Maximal vascular
diameter was measured within 20 and 60 s after the reperfusion.
Second, ACh (1077 to 10~% mol/l ta)-induced endothelium-dependent
vasodilatation was examined under the control conditions and in the
presence of Tempol, a SOD mimetic 4-hydroxy-2,2,6,6-tetramethylpi-
peridine-N-oxyl (50 pg-min~"'-100 g body wt~' ia) (17), and Tem-
pol + catalase. In the combined infusion protocol (Tempol or Tem-
pol + catalase) in the presence of cyclooxygenase blockade +
L-NMMA, the combined infusion was performed simultaneously for
20 min, ACh was infused for 10 min, and the vascular diameter was
measured. Third, sodium nitroprusside (SNP; 10”7 to 103 mol/l ta,
each 10 min)-induced endothelium-independent vasodilatation was
examined in wild-type and Cu,Zn-SOD™'~ mice. Fourth, fresh and
unfixed mesenteric tissue was then cut into several blocks and imme-
diately frozen in optimal cutting temperature compound.

Statistical analysis. The results are expressed as means + SE.
Dose-response curves were analyzed by two-way ANOVA followed
by the Scheffé’s post hoc test for multiple comparisons. Vascular
responses were analyzed by one-way ANOVA followed by the
Scheffé’s post hoc test for multiple comparisons. P < 0.05 was
considered to be statistically significant.

RESULTS

Hemodynamics and blood gases during RH. Throughout the
experiments, mean aortic pressure and heart rate were constant
and comparable (Tables 1 and 2), and Po,, Pco,, and pH were
maintained within the physiological ranges (>70 mmHg Po,,
25-40 mmHg Pco,, and pH 7.35-7.45). Baseline mesenteric

Control Catalase L-NMMA L-NMMA + Catalase
n B RH B RH B RH B RH
MBP, RH 20, mmHg
wT 10 83%7 85+9 817 8227 82xB Blx6 Bix8 82x6
Cuw/Zn-50D "~ 10 85x12 8710 83x8 82=8 82x8 82x8 828 B0=9
MBP, RH 60, mmHg
wT 5 86=8 887 8727 88+7 88=8 87=7 BRx7 8747
CwZn-SOD '~ ] B8x8 868 87=6 89=9 BE=T7 88=8 B9+6 90=11
HR, RH 20, beats/min
WwT 10 34614 348=14 33515 333+17 315=15 310217 330x18 330=18
Cuw/Zn-SOD™"~ 10 36427 35422 350=18 351=15 355=15 340=17 35515 335=17
HR, RH 60, beats/min
wT 5 351x31 3619 353=x2) 356=13 358=10 36437 35422 355=15
CuwZn-SOD " 5 34618 356=25 356x15 361*19 35131 3619 358=10 364227

Values are means * SE; n, number of rats. RH, reactive hyperemia; L-NMMA, NS-monomethyl-L-arginine; B, baseline; MBP, mean blood pressure; HR, heart

rate; WT, wild-type.
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Table 2. Hemodynamics during administration of ACh and SNP
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Values are means + SE; n, number of rats. SNP, sodium nitroprusside; ACh, acetylcholine.

arteriolar diameter was comparable in the absence and pres-
ence of inhibitors under the four different experimental condi-
tions (Tables 3 and 4). Those different inhibitors (L-NMMA,
catalase, and Tempol) did not affect basal diameter.

Mesenteric vasodilatation during RH. We were able to
observe EDHF-sensitive smaller arterioles (18—66 pm) by
using a newly developed pencil-type CCD intravital micro-
scope with a higher resolution. In the mesenteric arterioles of
wild-type mice, vasodilatation during RH to 20- and 60-s
arterial occlusion was decreased by catalase or L-NMMA alone
and was almost completely inhibited by L-NMMA + catalase
(Fig. 1). In contrast, in mesenteric arterioles of Cu,Zn-SOD™"~
mice, vasodilatation during RH to 20- and 60-s arterial occlu-
sion was decreased by catalase alone and was almost com-
pletely inhibited by L-NMMA alone or .L-NMMA + catalase
(Fig. 1). Blood flow measurement by microsphere technique
showed that in the presence of indomethacin and L-NMMA,
RH-induced increase in blood flow was 232 + 4% (20 s) and
331 * 4% (60 s) of baseline in control and was sensitive to
catalase (137 = 4%, 20 s; and 147 = 17%, 60 s) in the
wild-type mice, whereas in the Cu,Zn-SOD '~ mice, the
vasodilator response was significantly reduced to 125 *
19% (20 s) and 145 = 23% (60 s) in control and was
insensitive to catalase (120 = 24%, 20 s; and 139 = 19%,
60 s) (Fig. 2). With the longer occlusion of the mesenteric
artery, the shear stimulus for H,O; release was significantly
increased in the control condition and was significantly
decreased by catalase.

Endothelium-dependent vasodilatation. In mesenteric arte-
rioles of wild- mice, endothelium-dependent vasodilata-
tion to ACh (10~7 to 10~ mol/l in the presence of indomethacin
and .-NMMA) was unchanged with Tempol but significantly
inhibited by the addition of catalase (Fig. 3). In contrast, in the
mesenteric arterioles of the Cu,Zn-SOD ™'~ mice, the response
to ACh was significantly enhanced with Tempol, a response
that was sensitive to the addition of catalase (Fig. 3).

Endothelium-independent vasodilatation. Endothelium-in-
dependent vasodilatation to SNP (1077 to 10 mol/l in the
presence of L-NMMA + catalase) was comparable between the
two strains (Table 4).

Detection of H20; and NO production in the mesenteric
artery. Fluorescent microscopy with DCF-DA showed that
vascular H;O, production in mesenteric arterioles was signif-
icantly increased in response to ACh in wild-type mice com-
pared with baseline but markedly impaired in Cu,Zn-SOD ™/~
mice (Fig. 4). In contrast, vascular NO production in mesen-
teric arterioles, as assessed by DAR fluorescent intensity, was
significantly increased in response to ACh in wild-type mice
compared with baseline and was unaltered in Cu,Zn-SOD™'~
mice (Fig. 5).

DISCUSSION

The novel finding of the present study with a newly devel-
oped pencil-type CCD intravital microscope in vivo is that
Cu,Zn-SOD plays an important role in the synthesis of endog-
enous H,0,, which is substantially involved in the mechanisms
of RH-induced vasodilatation in mouse mesenteric circulation.

Impaired EDHF-mediated vasodilatation in Cu,Zn-SOD A
mice in vivo. Matoba et al. (19a, 20) have previously identified
that endothelium-derived H,0; is an EDHF in mouse and
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Table 3. Diameter change during RH

Cu,Zn-SOD AND REACTIVE HYPEREMIA

Control Catalase L-NMMA L-NMMA + Catalase
B RH B RH B RH B RH
RH 20, pm
wT 36+4 40+ 4% 36=4 44+4¢ 3623 4243~ 36x4 ig*3
Cw/Zn-SOD-"= 364 48 5% x4 42+ 5¢ 364 38x4 36*3 I8+4
RH 60, um
wT 40=4 55+4¢ 40=4 51+4¢ 40+5 47+4~ 3944 41=4
CuZn-SOD~"~ 40%3 S56+4t 403 51+4¢ 39+4 42+3 40=5 4243

Values are means * SE; n, number of arterioles per animal, *P < 0,01 vs. B.

human mesenteric microvessels. Subsequently, our laboratory
(42) and others (23) have confirmed that endogenous H,0,
exerts important vasodilator effects in canine coronary micro-
circulation in vivo and in isolated human coronary microves-
sels, respectively. H;O; can be formed from superoxide anions
derived from several sources in endothelial cells, including endo-
thelial NO synthase (eNOS), cyclooxygenase, lipoxygenase, cy-
tochrome P-450 enzymes, and reduced NADP [NAD(P)H] oxi-
dases. Gupte et al. (10) demonstrated that cytosolic NADH redox
and Cu,Zn-SOD activity have important roles in controlling the
inhibitory effects of superoxide anions derived from NADH
oxidase. Morikawa et al. (24a, 25) have also demonstrated that
endothelial Cu,Zn-SOD plays an important role in the synthe-
sis of H20; in mouse and human mesenteric arteries in vitro,

In the present study, catalase or L-NMMA alone signifi-
cantly, but not completely, inhibited the RH-induced vasodi-
latation of mesenteric arterioles in wild-type mice in vivo,
whereas L-NMMA + catalase markedly attenuated the remain-
ing vasodilatation. In contrast, in Cu,Zn-SOD /" mice, 1-
NMMA alone significantly decreased the vasodilatation and
blood flow in response to 20- and 60-s arterial occlusion (Figs.
| and 2)., These results obtained using a pencil-type CCD
intravital microscope indicate that H,0, exerts important va-
sodilator effects on mesenteric smaller arterioles during RH
and that Cu,Zn-SOD plays an important role in the synthesis of
endogenous H;0; during RH in vivo. Koller and Bagi (14a)
showed that RH in rat isolated coronary arterioles was sensitive
to pressure/stretch and flow/shear stress. Miura et al. (23) also
showed the important role of endogenous H,0; in flow-
induced vasodilatation of human coronary arterioles. Koller
and Bagi (14a) also suggested that H,0, contributes to the
development of the early peak phase of RH but not the duration
of reactive vasodilatation, whereas NO prolongs the later phase
of RH in rat isolated coronary arterioles, suggesting that H»0,
released endogenously within the vascular wall changes hemo-
dynamic forces. In the present study, peak blood flow was
significantly decreased after catalase (Fig. 2), suggesting that
flow-induced vasodilatation during the early phase of RH is

indeed mediated by H;0, in mouse mesenteric arterioles
in vivo.

Compensatory vasodilator mechanism between H.Q: and
NO. It is well known that coronary vascular tone is regulated
by the interactions among hemodynamic forces and several
endogenous vasodilators, including NO, H,0;, and adeno-
sine (4la, 42). Koller and Bagi (14a) demonstrated that
mechanosensitive mechanisms were activated by changes in
pressure and flow/shear stress during RH in isolated coro-
nary arterioles. A superoxide anion is dismutated to H,0,
by manganese SOD (Mn-SOD, mitochondrial matrix) and
Cu,Zn-SOD. H;0; diffuses across the mitochondrial mem-
brane to act on vascular smooth muscle (45). Tsunoda et al.
(35) demonstrated that Mn-SOD augmented RH during 60-s
canine coronary ischemia and reperfusion. H,O, generated
in the arteriolar smooth muscle could cause the response of
activation of ¢cGMP in rat skeletal muscle arterioles (38).
Kitakaze et al. (12) indicated that the augmentation of reac-
tive hyperemic flow caused by SOD is attributed to the en-
hanced release of adenosine in canine coronary circulation.
These endogenous vasodilators may play an important role in
causing the compensatory vasodilatation of coronary microves-
sels during myocardial ischemia.

In the present study, endothelium-dependent vasodilatation
during RH (in the presence of L-NMMA) was almost com-
pletely inhibited by catalase in wild-type mice. In the Cu,Zn-
SOD™'~ mice, vasodilatation during RH remained under the
control condition but was almost completely inhibited by
1.-NMMA (Fig. 1). The RH-induced increase in blood flow (in
the presence of indomethacin and L-NMMA) was significantly
inhibited by catalase in the wild-type mice but not in Cu,Zn-
SOD ™/~ mice (Fig. 2). RH-induced increase in blood flow (in
the presence of indomethacin and 1-NMMA) remained in
Cu,Zn-SOD™"~ mice (Fig. 2). H202 may compensate for the
loss of action of NO. H20: produced by SOD other than
Cu,Zn-SOD may compensate for the loss of action of Cu.Zn-
SOD-derived H;0,.

Table 4. Diameter change during administration of ACh and SNP

ACh SNP

B ACh 10-7 ACh 10-% ACh 10~% B SNP 107 SNP 10-% SNP 107

WT, pm 36+3 41£3 45+3¢ 49=4¢+ I5%4 394 43=5¢% 4625+
CuZn-SOD'~, um 64 38+4 41 +4v 44+41 344 IB+4e 4]1x4¢ 44+4¢

Values are means = SE; n, number of arterioles per animal. *P < 0.05; 1P < 0.01 vs. B.
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Fig. 1. Mesenteric vasodilatation during reactive hyperemia (RH), In the wild-type (WT) mice, vasodilatation during RH was inhibiled by catalase or
NS-monomethyl-L-arginine (L-NMMA) and further inhibited by L-NMMA + catalase. In the Cu,Zn-SOD~"* mice (CuZn-SOD™"), vasodilatation during RH

was inhibited by catalase and markedly inhibited by 1-NMMA, and the remaining response was not inhibited by catalase. The b

used was 10/S for each group. *P < 0.05; **P < 0.01.

Improvement of ACh-induced vasodilatation by Tempol in
Cu,Zn-SOD "~ mice. It was previously reported that Tempol,
a cell membrane-permeable SOD mimetic 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl, decreased oxidative stress in the
spontaneously hypertensive rat (31). In the present study,
Tempol significantly improved the ACh-induced vasodilata-
tion in Cu,Zn-SOD ™'~ mice, whereas catalase abolished the
beneficial effect of Tempol (Fig. 3), indicating that the effect of
Tempol was mediated by endogenous H»0; in vivo. In con-
trast, Tempol had no enhancing effect on the ACh-induced
vasodilatation in control mice (Fig. 3), suggesting that a suf-
ficient amount of SOD is present in this strain. In CuZn-

of ar

per

SOD™'~ mice, L-NMMA did not abolish the ACh-induced
vasodilation, and the DCF-DA stain showed remaining fluo-
rescent intensity (Fig. 4). Thus the residual vasodilatation
could be caused by the following possible mechanisms. First,
NO may also be synthesized in a nonenzymatic manner (27).
Nonenzymatic synthesis of NO could occur in the presence of
NADPH, glutathione, and L-cysteine, etc., opposing the effects
of NOS inhibition (27). Second, the effects of L-NMMA may
be limited since it is known that L-NMMA does not abolish NO
production (1). H,0- produced from vascular smooth muscle
cells and other tissues may also contribute to the residual
vasodilation (5, 30). Third, the contribution of other proposed
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= - - in the WT mice, whereas in the CuZn-
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WwT

Fig. 3. Endothelium-dependent relaxations
o ACh. In the WT mice, endothelium-de-
pendent vasodilatation to ACh (in the pres-
ence of indomethacin and L-NMMA) was
unchanged with Tempol but significantly in-
hibited by the addition of catlase. In the
Cu,Zn-SOD~'", the vasodilation was signif-
icantly enhanced with Tempol. where the
response was sensitive to the addition of
catalase. The number of arterioles per ani-
mals used was 10/5 for each group. *P <
0.05; **P < 0.01
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EDHF candidates, such as P-450 metabolites (2, 3) and potas-
sium ion (7), may contribute to the residual vasodilatation.
Although RH and ACh have different mechanisms of vasodi-
lator effects, they also share the same flow-induced vasodilator
mechanism.

Endothelium-independent vasodilatation in Cu,Zn-SOD ™
mice. Microvascular dysfunction in hypercholesterolemic rats
was confined to the endothelium because the dilator response
to SNP and adenosine was unchanged (37). In the present
study, endothelium-independent vasodilatation in response to
SNP was comparable between the two genotypes, suggesting

WT (Baseline)

50 pm

Cu,Zn-SOD* (ACh)

6

Fluorescent Intensi

5 7 6 5
Acetylcholine (-log mol/l)

that vasodilatation properties of vascular smooth muscle cells
were preserved in the Cu,Zn-SOD ™'~ mice in vivo.
Detection of vascular H:03 and NO production. Our labo-
ratory (41a) has recently demonstrated that vascular production
of H20; and NO after ischemia-reperfusion is enhanced in
small coronary arteries and arterioles in vivo, respectively. It
was previously shown that a ACh-induced increase in fluores-
cence intensity in endothelial cells of the mesenteric artery is
significantly reduced in Cu,Zn-SOD ™~ mice (25). In the present
study, vascular H,O, production, as assessed by DCF-DA fluo-
rescent intensity in mesenteric arterioles, was markedly impaired

WT (HE)

o = N W s OO
L

WT WT Cu,Zn-SOD*
(Baseline) (ACh) (ACh)

Fig. 4. Detection of vascular H:03 production. Vascular H,0; production in mesenteric anterioles was significantly increased in response to ACh in WT mice
but markedly impaired in Cu,Zn-SOD~'~. The number of arterioles per animals used was 10/5 for cach group. *P < 0.05. HE, Hematoxylin cosin.
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Fig. 5. Detection of vascular nitric oxide (NO) production. Vascular NO production in mesenteric arterioles was significantly increased in response to ACh in
WT mice and unalicred in Cu,Zn-SOD~/~. The number of arterioles per animals used was 10/5 for each group. *P < 0.05.

in Cu,Zn-SOD '~ mice (Fig. 4). These findings indicate that
endothelial production of H»0; is significantly impaired in
Cu,Zn-SOD ™/~ mice, confirming the importance of the
enzyme in endothelial synthesis of H20z.

In the previous study by Morikawa et al. (25), eNOS protein
expression was comparable between Cu,Zn-SOD ™~ and wild-
type mice. In the present study, vascular NO production in
small mesenteric artery was unaltered in Cu,Zn-SOD ™'~ mice
compared with wild-type mice (Fig. 5). NO could compensate
for the loss of action of H,0, although there are still many
uncertainties about the local cellular dynamics of superoxide
anions and NO,

Study limitations. Several limitations should be mentioned
for the present study. First, we estimated blood flow in the
mesenteric circulation using microspheres. We were unable to
calculate the absolute values of local blood flow or shear stress
because of the methodological limitations. However, since the
flow measurement with microspheres was performed at the end
of the experiments, it should not have influenced other results,
Second, we used Cu,Zn-SOD ™'~ mice in the present study,
where unknown compensatory mechanisms may be operative,
and we were unable to elucidate the mechanism(s) for the
remaining EDHF-mediated responses in those mice.

Clinical implications. RH is an important regulatory mech-
anism of the cardiovascular system, reflecting the flow reserve
in response to a brief period of cessation of flow. An impaired
flow reserve in resistance vessels is a hallmark of microvascu-
lar dysfunction with coronary risk factors. Hypertension is
associated with structural alterations in the microcirculation
and a reduced endothelium-dependent dilation in conduit ar-

teries (19). It is well known that abnormality in Cu,Zn-SOD is
noted in several diseases, including hypertension and diabetes
mellitus (36, 39).

In conclusion, endogenous H20, exerts important vasodila-
tor effects of mesenteric smaller arterioles during RH, espe-
cially at the low level of NO, and that Cu,Zn-SOD plays an
important role in the synthesis of endogenous H>O; during RH
in vivo.
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Characterization of ouabain-induced noradrenaline and
acetylcholine release from in situ cardiac autonomic nerve
endings

T. Yamazaki,' T. Akiyama,' H. Kitagawa,' F. Komaki,' H. Mori,' T. Kawada,’ K. Sunagawa’ and
M. Sugimachi’

| Department of Cardiac Physiology, National Cardiovascular Center Research Institute, Suita, Osaka, Jopan

2 Department of Cardiovascular Dynamics, National Cardiovascular Center Research Institute, Suita, Osaka, jopan

Receved | | january 2007, Abstract
revision requested 28 March 2007, Ajmy: Although ouabain modulates autonomic nerve ending function, it is

i g 007, : 2y ; ; ; .
revision received 29 May 2 uncertain whether ouabain-induced releasing mechanism differs berween in
accepted 30 june 2007

Cherapondance: 7. Vamezili vivo sympathetic and parasympathetic nerve endings. Using cardiac dialysis,
Department of Cardiac we examined how ouabain induces neurotransmitter release from autonomic
Physiology, National nerve ending.

Cardiovascular Center Research  Methods: Dialysis probe was implanted in left ventricle, and dialysate nor-
Institute, 5-7-1 Fujshirodal, Suta. 5 qrenaline (NA) or acetylcholine (ACh) levels in the anaesthetized cats were
Osaka 565, Japan. E-mail = b 5 S
= A mcas.ured as :nd{ces of neurotransmitter release from post-ganglionic auto-
nomic nerve endings.
Results: Locally applied ouabain (100 uM) increased in dialysate NA or ACh
levels. The ouabain-induced increases in NA levels remained unaffected by
cardiac sympathetic denervation and tetrodotoxin (Na* channel blocker,
TTX), but the ouabain-induced increases in ACh levels were attenuated by
TTX. The ouabain-induced increases in NA levels were suppressed by pre-
treatment with desipramine (NA transport blocker) and augmented by
reserpine (vesicle NA transport blocker). In contrast, the ouabain-induced
increases in ACh levels remained unaffected by pretreatment with hemich-
olinium-3 (choline transport blocker) but suppressed by vesamicol (vesicle
ACh transport blocker). The ouabain-induced increases in NA levels were
suppressed by pretreatment with w-conotoxin GVIA (N-type Ca®* channel
blocker), verapamil (L-type Ca®* channel blocker) and TMB-8 (intracellular
Ca®* antagonist). The ouabain-induced increases in ACh levels were sup-
pressed by pretreatment with w-conotoxin MVIIC (P/Q-type Ca®* channel
blocker), and TMB-8.
Conclusions: Ouabain-induced NA release is attributable to the mechanisms
of regional exocytosis and/or carrier-mediated outward transport of NA,
from stored NA vesicle and/or axoplasma, respectively, while the ouabain-
induced ACh release is attributable to the mechanism of exocytosis, which is
triggered by regional depolarization. At both sympathetic and parasympa-
thetic nerve endings, the regional exocytosis is because of opening of calcium
channels and intracellular calcium mobilization.
Keywords  acetylcholine, Ca®* channels, cat, microdialysis, Na‘,K*-AT-
Pase, noradrenaline.
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Ouabain and cardiac i

nerve g
It is generally accepred that ouabain modulates auto-
nomic nerve function by inhibition of membrane
Na*,K*-ATPase (Gillis & Quest 1979). This neuronal
modulatory effect was mainly reported with in vitro
sympathetic (Sweadner 1985), parasympathetic nerve
endings (Satoh & Nakazato 1992, Gomez et al. 1996)
and adrenal glands (Haass et al. 1997). Furthermore,
ouabain-induced modulatory effect was reported with
in vitro studies on motor endplate (Vyskocil & Illes
1977, Zemkova et al. 1990). From these in wvitro
studies, several mechanisms are presently suggested to
induce release of neurotransmitter from the nerve
endings. However, it is uncertain whether the manner
of modulation differs berween in vivo sympathetic and
parasympathetic nerve endings. A major concern is
whether ouabain induces a brisk increase in neurorrans-
mitter cfflux (spontancous neurotr itter rel )
Kranzhifer et al. (1991) reported that ouabain-induced
spontancous noradrenaline (NA) release from sympa-
thetic nerve endings. On the other hand, ouabain-
induced spontaneous acetylcholine (ACh) release was
reported in vitro studies using synaptosomes (Satoh &
Nakazato 1992). No reports have described in vivo
spontaneous ACh release evoked by ouabain. Further, a
second issue is at which site ouabain induces neuro-
transmitter release: stored vesicle or axoplasma (Haass
et al. 1997). NA and ACh relcase have been reported in
stored vesicles and/or the axoplasma. It is uncertain,
however, which site induces the predominant neuro-
transmitter release evoked by ouabain in vivo. Further-
more, the mechanisms underlying the neurotransmitter
release evoked by ouabain remain unclear. Neuronal
effects of ouabain have been attribured to the inhibitory
action upon Na‘K*-ATPase and transmembrane so-
dium pump (Haass et al. 1997). As a consequence of the
reduced sodium gradient at the plasma membrane, two
possible mechanisms have been proposed to induce NA
release from nerve endings; (i) carrier-mediated reversed
NA transport, and (ii) Ca**-dependent exocytotic NA
release. The manner and mechanisms of NA efflux have
been extensively studied and accepted in vivo in isolated
tissues (Sweadner 1985, Haass ef al. 1997). However, it
remains unclear whether these assumptions are valid in
the cardiac sympathetic or parasympathetic nerve end-
ings in vivo.

Cardiac dialysis technique in combination with highly
sensitive measurement of NA or ACh has offered a
powerful method for detecting the low level of dialysate
NA or ACh obtained from the myocardial space
(Akiyama ef al. 1991, 1994). We demonstrated that
dialysate NA or ACh levels were affected by local
administration of pharmacological agents through dial-
ysis probes, indicating thar changes in dialysate NA or
ACh levels reflect NA or ACh output from cardiac post-
ganglionic sympathetic or parasympathetic nerve end-
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ings (Yamazaki etal 1997, Kawada etal 2001)
respectively. Using dialysis technique, onabain can be
administered locally and it is possible to monitor NA or
ACh output following locally applied ouabain (Yama-
zaki et al. 2001). Furthermore, comparison of the
dialysate NA response in the presence and absence of
neuronal agents can differentiate carrier-mediated NA
release from calcium dependent exocytotic NA release
(Yamazaki et al. 1997). With locally applied neuronal
blockers, we examined the mechanisms and the sites
underlying NA or ACh release evoked by ouabain.

Methods

Animal preparation

Adult cats were anaesthetized with pentobarbital
sodium (30-35 mg kg™ i.p.). The level of anaesthesia
was maintained with a continuous intravenous infusion
of pentobarbital sodium (1-2 mg kg™' h™'). The ani-
mals were intubated and ventilated with room air mixed
with oxygen. Body temperature was maintained using a
heated pad and lamp. All protocols were performed in
accordance with the National Cardiovascular Center
Research Institute Animal Care Ethics Committee
guidelines that were in strict compliance with the NTH
Guide for the Care and Use of Laboratory Animals.
Electrocardiogram and mean arterial pressure were
simultancously monitored with a data recorder. The
sixth rib on the left side was resected to expose the
heart. With a fine guiding needle, one or two dialysis
probes for dialysate sampling were implanted in the mid
wall of the anterolateral region of the left ventricle.
Heparin (100 U kg™') was administered after implan-
tation of the dialysis probe and a maintenance dose was
given every hour thereafter,

Dialysis technique

The material and properties of the dialysis probe were
described previously (Akiyama eral. 1991, 1994).
Briefly, we designed a transverse dialysis probe. Both
ends of a dialysis fibre (13 mm length, 0.31 mm o.d.
and 0.2 mm i.d.; PAN-1200, 50 000 molecular weight
curoff, Asahi Chemical, Tokyo, Japan) were connected
and glued to polyethylene tubes (25 cm length, 0.5 mm
o.d. and 0.2 mm i.d.). The dialysate NA or ACh levels
were measured in separate animals. For the measure-
ment of dialysate NA, the dialysis probe was perfused
with Ringer's solution at 10 L min~". Sampling peri-
ods were 2min in duration (one sample vol-
ume = 20 ul), which was the minimum period
necessary to collect sufficient NA for satisfactory
measurement. For the measurement of dialysate ACh,
Ringer's solution containing eserine (choline esterase

© 2007 The Authors
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inhibitor, 100 um) was perfused at 2 uL min~" and
sampling periods were 15 min in duration. Dialysate
sampling was started 120 min after probe implantation,
when the dialysate NA or ACh concentration had
reached a steady level. Each sample was collected in a
microtube containing 0.1 N HCl or phosphate buffer to
prevent oxidation. The dead-space volume between the
dialysis and sample tube was measured. Taking this
dead-space into account, samples were obtained.

Experimental protocols

In our previous study, we demonstrated that the
dialysate NA or ACh levels reflect cardiac neuronal
NA or ACh disposition at the nerve endings (Yamazaki
et al. 1997, Kawada et al. 2001). Therefore, in the
present study, we obtained dialysate samples and
measured the dialysate NA or ACh levels as an index

T Yamazaki et ol * Ouabain and cardiac autonomic nerve endings

efflux was measured with addition of tetrodotoxin
(TTX, 10 um) through the dialysis probe. At 60 min
after the beginning of TTX administration, we started
the control sampling and examined the ouabain-
induced NA or ACh response.

Protocol 3: Influence of NA-, ACh- and choline
transporters on dialysate NA or ACh response evoked
by ouabain. To test whether ouabain-induced neuro-
transmitter efflix was derived from axoplasma or
stored vesicle, ouabain-induced NA or ACh efflux was
examined with local administration of pharmacological
agents, which affected the transport and content of
neurotransmitter at the nerve endings. Membrane
carrier-mediated NA transport was blocked by local
administration of desipramine, whereas vesicular NA
import was blocked by local administration of reser-
pine. In either case, ouabain-induced NA cfflux was

of NA or ACh output from post-ganglionic sympathetic
or parasympathetic nerve endings respectively. Gener-
ally two mechanisms and sites are proposed to induce
NA and ACh release from nerve endings: exocytotic
(quantum) release from the stored vesicle and non-
exocytotic (non-quantum) release from the axoplasma.
The present studies were designed to clarify whether
ouabain-induced NA or ACh efflux are affected by local
administration of pharmacological agents that modify
experimental conditions.

Protocol 1: Time courses of dialysate NA and ACh
levels during local administration of ouabain. We
examined the time course of dialysate NA and ACh
levels during local administration of ouabain (100 pm).
Ouabain was administered for 60 min. Dialysate NA
levels were measured before and at 10-min intervals
during ouabain administration. Dialysate ACh levels
werecollected in consecutive 15-min sampling periods.

Protocol 2: Influence of nerve transection and Na'
channels on dialysate NA or ACh response evoked by
ouabain, To test whether ouabain modulated central-
mediated exocytotic neurotransmitter release, we exam-
ined the time course of ouabain-induced dialysate NA
and ACh levels after transection of stellate ganglia or
cervical parasympathetic nerve tract. For cardiac sym-
pathetic denervation, the region of the stellatc ganglia
was exposed through the intercostal space, and bilateral
transection of stellate ganglia was performed. After
cardiac sympathetic denervation, heart rate response to
carotid occlusion was blunted. In separate cats, cervical
vagotomy was performed. We started dialysate sam-
pling at 120 min after surgical interruption and oua-
bain-induced NA or ACh efflux was examined.
Furthermore, to examine involvement of deporalization
on NA or ACh release, ouabain-induced NA or ACh

© 2007 The Authors
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examined with the addition of desipramine (100 um) or
reserpine (10 pM) through the dialysis probe. The
dosage of agent-administration was decided after refer-
ring to the previous studies (Akiyama er al. 1994,
Yamazaki et al. 1997). Membrane carrier-mediated
choline transport was blocked by local administrarion
of hemicholinium-3 (10 um), whereas vesicular ACh
import was blocked by local administration of vesam-
icol (10 um) (Kawada et al. 2001). In either case,
ouabain-induced ACh cfflux was examined with the
addition of hemicholinium-3 or vesamicol through the
dialysis probe.

Protocol 4: Influence of Ca®* transporter, channel,
mobilization on dialysate NA or ACh response evoked
by owuabain. To test the contention that ouabain-
induced neurotransmitter cfflux was modulated by
changes in intracellular Ca®* levels, the influence of
Ca®* transporter, channel, mobilization on the dialysate
NA or ACh response evoked by ouabain was examined.
We focused on the involvement of three types of
voltage-dependent Ca®* channel, the L- and N types in
the NA release evoked by ouabain. Sixty minutes after
starting local administration of verapamil (100 pm), or
w-conotoxin GVIA (10 um), we measured the ouabain-
induced NA response. Second, we examined the
involvement of plasma membrane Na*/Ca®* exchanger
in the NA release evoked by ouabain. The inhibitors of
membrane Na‘/Ca®*  exchange (dechlorobezamil;
100 pm, or KB7943; 10 pm) were locally administered
through the dialysis probe and the ouabain-induced NA
response was measured. Third, we examined the
involvement of intracellular Ca®* level in the NA release
evoked by ouabain. An intracellular Ca®* antagonist
[3,4,5-trimethoxybenzoic acid 8-(dietyl amino)-octyl
ester (TMB-8)] blocks the efflux of calcium from
intracellular calcium stores without affecting influx
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-427-



OQuabain and cardiac aut i

nerve

(Wiedenkeller & Sharp 1984). TMB-8 (1 mm) was
locally administered through the dialysis probe and
ouabain-induced NA response was measured. A similar
pharmacological intervention was performed and oua-
bain-induced ACh responses were measured. Sixty
minutes after starting local administration of verapamil
(100 pm), or w-conotoxin GVIA (10 um), m-conotoxin
MVIIC (10 um), we measured the ouabain-induced
ACh response. The inhibitor of membrane Na*/Ca**
exchange (KB7943; 10 um) was locally administered
through the dialysis probe and the ouabain-induced
ACh response was measured. Third, an intracellular
Ca®* antagonist (TMB-8, 1 mm) was locally adminis-
tered through the dialysis probe and ouabain-induced
ACh response was measured.

Analytical procedure

Dialysate NA concentrations were measured by HPLC
with electrochemical detection (HPLC-ECD; Eicom,
Kyoto, Japan). An alumina procedure was performed to
remove the interfering compounds from the dialysate.
The detection limit was 50 fmol per injection, Dialysate
ACh concentration was measured directly by another
HPLC-ECD. The detection limit was 350 fmol per
injection. Details of HPLC-ECD for the NA and ACh
measurements have been described elsewhere (Akiyama
et al. 1991, 1994).

At the end of each experiment, the cats were killed
with an overdose of pentobarbital sodium, and the
implant sites were checked to confirm that the dialysis
probes had been implanted within the left ventricular
myocardium. Statistical analysis of the data was per-
formed by analysis of variance (Anova). Statistical
significance was defined as P < 0.05. Values are pre-
sented as mean + SE.

Results

Protocol I: Time course of dialysate NA and ACh levels
during local administration of ouabain

Although local administration of ovabain did not affect
haemodynamic parameters including heart rate, mean
arterial pressure and electrocardiogram, ouabain in-
duced the efflux of NA. Figure 1 (upper panel) shows the
time course of the dialysate NA levels during local
administration of ouabain (100 um). Dialysate NA level
increased significantly from 0.18 + 0.06 nmol L' at
control to 2.39 + 0.53 nmol L' ar 10, 12.92 +
1.39 nmol L™ at 20 min and 14.79 + 1.97 nmol L'
at 30 min. Subsequently, a slow decline occurred but
high dialysate NA levels were maintained during locally
applied ouabain. Peak level of dialysate NA ranged from
20 to 30 min after the beginning of ouabain adminis-

278

-428-

dings » T Yamazal et ol

Acta Physiol 2007, 191, 275-184

tration. Figure 1 (lower panel) shows the time course of
the dialysate ACh levels during local administration of
ouabain (100 um). Dialysate ACh level increased signif-
icantly from 0.91 £ 0.05 nmol at control to
3.6 + 0.60 nmol L™ at 015, 8.1 + 1.4 nmol L™ ar
15-30 min and 6.8 + 1.25 nmol L™ at 30-45 min.
Peak level of dialysate ACh appeared at 15-30 min
after the beginning of ouabain administration.

Protocol 2: Influence of denervation and TTX on dialysate
NA and ACh responses evoked by ouabain

We sampled the dialysates over 60 min of ouabain
administration. To compare ouabain-induced NA or
ACh levels under various interventions, ouabain-in-
duced dialysate NA or ACh levels were subtracted from
the control values. The sum of relative changes in
dialysate NA or ACh (the unit: Enmol/L) was expressed
as an index of total NA or ACh release evoked by
ouabain. Figure 2 (upper panel) shows the toral NA
release evoked by ouabain when cardiac sympathetic
nerves were either intact, transected, pretreated with
TTX. The ouabain-induced total NA release did not
differ among them. Figure 2 (lower panel) shows the
total ACh release evoked by ouabain when cardiac
parasympathetic nerves were either intact, transected,
or pretreated with TTX. The ouabain-induced total
ACh release did not differ between the intact cardiac
parasympathetic nerve and denervated groups whereas
addition of TTX significantly inhibited the total ACh
release by approx. 57% of vehicle.

Protocal 3: Influence of transport blocking agents on
dialysate NA and ACh responses evoked by ouabain

Figure 3 (upper panel) shows the total NA release
evoked by ouabain among various pharmacological
interventions. Pretreatment with reserpine caused sig-
nificant augmentation of the ouabain-induced total NA
release whereas pretreatment with desipramine caused
significant suppression of the total NA release. Figure 3
(lower panel) shows the total ACh release evoked by
ouabain among various pharmacological interventions,
The ouabain-induced total ACh release did not differ
berween the intact and hemicholinium-3 pretreated
groups whereas addition of vesamicol significantly
inhibited the toral ACh release by approx. 45% of
vehicle.

Protocol 4: Influence of Ca®* mobilization on dialysate NA
and ACh responses evoked by ouabain
Figure 4 (upper panel) shows the total NA release

evoked by ouabain among various Ca?* interventions.
The total NA release in the 60 min after administration

© 2007 The Authors
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Dialysate NE levels (nmol L™)
@

Control

Figure | Upper panel: Time course of
dialysate noradrenaline (NA) levels
during local administration of ouabain
(100 pm). Ouabain increased the dialy-
sate NA levels. Subsequently, a slow
decline occurred bur high NA levels were
maintained. Lower panel: Time course of
dialysate acetylcholine (ACh) levels
during local administration of onabain
(100 um). Ouabain increased the dialy-
sate ACh levels. Subsequently, a slow
decline occurred but high ACh levels were

Dialysate ACh levels (nmol L™")

maintained. Values are presented as the
mean + SE (for each column n = 6)
*P < 0.05 vs. control.

of ouabain was significantly suppressed by approx.
47% and 55% of vehicle by addition of verapamil and
w-conotoxin GVIA. Pretreatment with TMB-8 caused
significant suppression of the ouabain-induced rotal NA
release whereas pretreatment with neither KB-7943 nor
dechlorobezamil altered the total NA release. Figure 4
{lower panel) shows the total ACh release evoked by
ouabain among various Ca’* interventions. The toral
ACh release in the 60 min after administration of
ouabain was significantly suppressed by approx. 57%
of vehicle by addition of w-conotoxin MVIIC, Pretreat-
ment with neither verapamil nor w-conotoxin GVIA
altered the total ACh release. Pretreatment with TMB-8
caused significant suppression of the ouabain-induced
total ACh release whereas pretreatment with KB-7943
did not alter the total ACh release.

Discussion

The present study indicates that in an in vivo prepara-
tion, ouabain alone induced NA or ACh release from

@ 2007 The Authors
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sympathetic or parasympathetic nerve endings respec-
tively. This discussion addresses mainly similarities and
differences in ouabain alone induced NA or ACh
releasing sites and mechanisms.

Regional depolarization evoked by ouabain

At the post-ganglionic nervous endings, ouabain
induced NA and ACh release. The transection of
sympathetic or parasympathetic nerve did not affect
the amount of NA or ACh release evoked by ouabain.
After the transection of cardiac sympathetic or para-
sympathetic nerves, ouabain ar 100 pm induced
increases in dialysate NA or ACh levels, which were
as much as those evoked by electrical stimulation of the
autonomic nerve (Akiyama er al. 1994, Yamazaki et al.
1997). These data suggest that ouabain itself induces
regional depolarization following exocytosis. In the case
of locally administered ouabain, ouabain produced
intracellular Na* accumulation evoked by the inhibition
of Na*,K*-ATPase (Mclvor & Cummings 1987).
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Regional depolarization may occur because of intracel-
lular Na* accumularion (Calabresi et al. 1999, Dierkes
et al. 2006). Similar finding was observed on motor
endplate (Zemkova et al. 1990). Ouabain can increase
the spontaneous ACh release by progressive decline in
membrane potential when Na* pump is inhibited. If
regional depolarization does indeed induce ACh or NA
release via exocytosis from the stored vesicle, then
pretreatment with TTX could inhibit this response,
Local administration of TTX markedly inhibits ACh
release whereas it only slightly inhibits the NA release
evoked by ouabain. These results indicate that ouabain
caused regional depolarization and exocytoric ACh
release at the parasympathetic nerve endings. This
conclusion is consistent with in vitro studies reported
by Satoh & Nakazato (1992), and raises the question as
to why TTX inhibited the ACh release but not the NA
release evoked by ouabain. In the case of NA efflux
evoked by ouabain, intracellular Na* accumulation may
lead to a reduction in the Na* gradient between the
intracellular and extracellular spaces. This reduced Na*
gradient may cause carrier-mediated outward NA
transport from axoplasma (Sharma et al. 1980). The
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Tetrodotoxin

Figure 2 Upper panel: Ouabain-induced
dialysate noradrenaline (NA) release in
vehicle, cardiac sympathetic denervated
and rerrodortoxin prerreared groups. Taral
NA release evoked by ouabain did not
differ among the three groups. Lower
panel: Ouabain-induced dialysate aceryl-
choline {ACh) release in vehicle, cardiac
vagal denervated and retrodotoxin
pretreated groups. Toral ACh release
evoked by ouabain was suppressed by the
pretreatment with tetrodotoxin. Values
are presented as the mean + SE (for each
column n = 6). *P < 0.05 vs. vehicle.

threshold for intracellular Na* accumulation coupled to
carrier-mediated outward NA transport might be lower
than that for regional depolarization. Thus Na* accu-
mulation coupled to regional depolarization may occur
at the parasympathetic nerve endings but nor ar the
sympathetic nerve endings.

The sites of neurotransmitter efflux evoked by ouabain

In general, two possible sites (the stored vesicle and
axoplasma) were proposed to derive efflux of neuro-
transmitter at the nerve endings (Smith 1992, Viz
1998). In the cholinergic nerve endings, a quantum
amount of ACh was released from the stored vesicle via
depolarization. Furthermore, a non-quantum amount of
ACh seems to be leaked from the axoplasma without
ACh transporter (Nikolsky et al. 1991). Local admin-
istration of vesamicol suppressed the ACh efflux evoked
by ouabain. In contrast, local administration of
hemicholinium-3 did not affect the ACh efflux evoked
by ouabain. These data suggested thar the ACh efflux
was predominantly derived from the stored vesicle.
This finding is consistent with the above-mentioned

© 2007 The Authors
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Figure 3 Upper panel: Ouabain-induced

dialysate noradrenaline (NA) release 20
among vehicle, desipramine and reserpine
pretreated groups. Total NA release
evoked by ouabain was suppressed by the
pretreatment with desipramine and aug-
mented by that with reserpine. Lower
panel: Ouabain-induced dialysate acetyl-
choline (ACh) release in vehicle, vesami-
col and hemichaolinium-3 pretreated
groups. Total ACh release evoked by
ouabain was suppressed by the pretrear-
ment with vesamicol. Values are

Total ACh release (Enmol L")
o

40
-
0

Vehicle

Desipramine Reserpine

column n = 6). *P < 0,05 vs. vehicle.

mechanism. Our data did not rule out the possibility
of ACh efflux from the axoplasma. Vesamicol lowered
the non-quantum ACh release by blocking the incorpo-
rated vesicle transporter in the terminal membrane
(Edward et al. 1985). This involvement seems to be
smaller than the involvement of ACh efflux from the
stored vesicle.

Previous studies suggested that two different mecha-
nisms (exocytosis and carrier-mediated outward trans-
port) contributed to the amount of NA efflux evoked by
ouabain (Kranzhofer et al. 1991, Haass et al. 1997).
The exocytotic NA release derived from the stored
vesicle, whereas NA transporter carried out NA from
the axoplasmic site via a reduced Na” gradient. How-
ever, it is uncertain which mechanism is predominantly
involved in ouabain-induced NA efflux. To examine
which site predominantly induced the neurotransmitter
efflux evoked by ouabain, we administered vesicle and
membranous amine transport blockers, which affected
the neurotransmitter efflux evoked by ouabain. If NA
efflux predominantly derives from the axoplasmic site,
reserpine could increase axoplasmic NA level and
augment the outward NA transport evoked by ouabain.

© 2007 The Authors
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Furthermore, as desipramine impairs carrier-mediated
NA transport in both directions, desipramine could
block NA efflux. NA release evoked by ouabain was
augmented by local administration of reserpine but
suppressed by desipramine. These data support the
contention that ouabain-induced NA efflux is predom-
inantly derived from the axoplasmic site.

Involvement of Ca®* on ouabain-induced neurotransmitter
efflux

Most in vitro studies suggested that ouabain somehow
increases intracellular Ca®* levels at the nerve endings
and synaptosomes (Katsuragi ef al. 1994, Casali et al.
1995, Wasserstrom & Aistrup 2005). Ouabain-induced
intracellular Na* accumulation could evoke an eleva-
tion of intracellular Ca®* level via Ca®* channel opening
(Katsuragi et al. 1994), Ca?* release from internal stores
(Nishio et al. 2004), and/or Na*/Ca®* exchange (Verb-
ny et al. 2002). Thus, the elevation of intracellular Ca**
may be associated with NA or ACh release from the
autonomic nerve endings. At the parasympathetic nerve
endings, neither verapamil nor w-conotoxin GVIA

Journal compilation ® 2007 Scandinavian Physiological Society, doi: 10.11114.1748-1716.2007.01749.x 281
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affected ACh release but w-conotoxin MVIIC inhibited
ACh release evoked by ouabain. Furthermore, KB-7943
did nor affect either the ACh release evoked by ouabain.
These data suggest that N or L-type Ca** channels or
reversal Na‘/Ca®* exchange might not be responsible
for the ACh release evoked by ouabain. However, a
marked suppression of ouabain-induced ACh release
was observed with the addition of P/Q types channel
blocker or TMB-8. In the case of parasympathetic nerve
endings, Ca®* elevation coupled to ACh release might
be derived via internal stores or Ca®** channels (PIQ
types) rather than Na*/Ca®* exchange (Casali et al.
1995, Kawada et al. (in press)).

In the case of NA, w-conotoxin GVIA or verapamil
suppressed the NA release evoked by ouabain. Qua-
bain-induced NA release was independent of depolar-
ization (TTX-resistant) but associated with the opening
of Ca®* channel. Furthermore, neither KB-7493 nor
dichlorobenzamil affected the NA
by ouabain. These data suggest that bi-directions of

release evoked
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TMB-8 Dichlorobenzamil KB-7943

Figure 4 Upper panel: Ouabain-induced
dialysate noradrenaline (NA) release in
various Ca®* interventions, Total NA re-
lease evoked by ouabain was suppressed
by the pretreatment with w-conotoxin
GVIA, verapamil, TMB-8. Lower panel:
Ouabain-induced dialysate acerylcholine
{ACh) release in various Ca®" interven-
rions. Total ACh release evoked by ona-
bain was suppressed by the pretreatment
with m-conortoxin MVIICA or TMB-8.
Values are presented as the mean = SE
(for each column n = 6). *P < 0.05 vs.
vehicle,

KB-7843

Na*/Ca** exchange might not be responsible for the
elevation of intracellular Ca®* levels evoked by ouabain.
A marked suppression of ouabain-induced NA release
was observed with the addition of TMB-8. Taking these
findings together, in the case of sympathetic nerve
endings, Ca®* elevation coupled to NA release might be
derived via Ca®* channels or internal store rather than
membrane Na/Ca®* exchange.

Although the type of Ca®* channel for the NA or ACh
release differed, involvement of cytosol Ca?* in oua-
bain-induced neurotransmitter release did not differ
between the parasympathetic and sympathetic nerve
endings. However, the relation between TTX sensitive
Na* channel and Ca®* channel opening may differ
between the parasympathetic and sympathetic nerve
endings. In the present study, ouabain-induced NA
efflux was suppressed by w-conotoxin GVIA but not by
TTX, indicating that TTX sensitive depolarization was
not involved in Ca®* channel opening coupled to
exocytotic NA release. In contrast to NA release,
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ouabain-induced ACh release was suppressed by TTX
and w-conotoxin MVIIC, indicating that ouabain-
induced depolarization and subsequently ACh release
via P/Q type Ca®* channel opening. TTX sensitive or
resistant response may be interpreted as two different
types of neurotransmitter release mechanisms. Alterna-
tively, ouabain may have induced increases in intraneu-
ronal Na* accumulation and elevation of extrancuronal
K* levels by inhibition of Na*,K*-ATPase (D*Ambrosio
et al. 2002). Elevations of both intracellular Na* and
extracellular K* exerted regional depolarization follow-
ing exocytosis via different mechanisms. In the previous
study, we demonstrated that high K*-induced NA rel

T Yamazak et ol *+ Ouabain and cardiac e nerve endi
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Casali, T.A., Gomez, R.S., Moraes-Santos, T. & Gomez, M.V.
1995. Differential effects of calcium channel antagonists on
ity in and ouabain-induced release of | 3H] acetylcholine
from brain cortical slices. Newropharmacology 34, 599-603.

D'Ambrosio, R., Gordon, D.S. & Winn, H.R. 2002. Differ-
ential role of KIR channel and Na(+)/K(+}-pump in the
regulation of extracellular K{+) in rat hippocampus. | New-
rophysiol 87, 87-102.

Dierkes, P.W., Wusten, H.]., Klees, G., Muller, A. & Hoch-
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1985. Is an acetylcholine transport system responsible for
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was insensitive to TTX but sensitive to w-conotoxin
GVIA. Furthermore, high K* caused a marked increase in
dialysate NA but little increase in dialysate Ach (Yama-
zaki eral. 1998, Kawada et al. 2001). Thus high
K*-induced neurotransmitter release might greatly con-
tribute to the increase in dialysate NA evoked by ouabain
but might contribute little to the increase in dialysate
ACh.

In conclusion, ouabain alone causes a brisk efflux of
NA and ACh from cardiac sympathetic and parasym-
pathetic merve endings respectively. The ouabain-
induced ACh release contributes to the mechanism of
ACh exocytosis, which is triggered by centrally medi-
ated or regional depolarization. The regional exocytosis
is caused by opening of P/Q type Ca®* channels and/or
intracellular Ca?* mobilization from the stored ACh
vesicle. The ouabain-induced NA release contributes to
the mechanisms of regional exocytosis and/or carrier-
mediated outward transport of NA, from stored NA
vesicle and/or axoplasma respectively. The regional
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erens. Br | Pharmacol 113, 795-800.

Kawada, T., Yamazaki, T., Akivama, T. et al. 2006, Effects of
Ca2+ channel anatagonists on nerve stimulation-induced
and ischemia-induced myocardial interstitial acetylcholine
release in cats. Am | Physiol 291, H2181-2191.

Kawada, T., Yamazaki, T., Akiyama, T. er al. 2001. In vivo

exocytosis is caused by opening of N type Ca®* channel
and intracellular Ca®* mobilization.

Conflict of interest
None.

This work was supported by Grants-in-Aid for scientific
research (17591659) from the Ministry of Education, Culrure,
Sports, Science and Technology.

References

Akiyama, T., Yamazaki, T. & Ninomiya, 1. 1991, In vivo
monitoring of myocardial interstitial norepinephrine by
dialysis technique. Am | Physiol 261, H1643-H1647.

Akiyama, T, Y ki, T. & Ninomiya, L. 1994, In vivo
detection of endogenous acetylcholine release in cat ventri-
cles. Am | Physiol 266, H854-HB60.

Calabresi, P, Marfia, G.A., Centonze, D., Pisani, A. & Bernards,
G. 1999, Sodium influx plays a major role in the membrane

li leasing function at cardiac
vagal nerve terminals. Am | Physiol 281, H139-H145.

Kranzhéfer, R., Haass, M., Kurz, T., Richardt, G. & Schiimig,
A. 1991, Effect of digitalis glycosides on norepinephrine
release in the hearr: dual mechanism of action, Cire Res 68,
1628-1637.

Mclvor, M.E. & Cummings, C.C. 1987, Sodium fluoride
produces a K+ cfflux by increasing intracellular Ca2+
through Na+-Ca2+ exchange. Toxicol Lett 38, 169-176.

Nikolsky, E.E., Voronin, V.A. & Vyskocil, F. 1991, Kinetic
differences in the effect of calcium on quantal and non-
quantal acetylcholine release at the murine diaphragm.
Neurosci Lert 123, 192-194.

Nishio, M., Ruch, 5.W., Kelly, ].E., Aistrup, G.L., Shechan, K.
& Wasserstrom, |.A. 2004. Ouabain increases sarcoplasmic
reticulum calcium release in cardiac myocytes, | Pharmacol
Exp Ther 308, 1181-1190.

Satoh, E. & Nakazato, Y. 1992. On the mechanisim of oua-
bain-induced release of acetylcholine from synaptsomes.
] Nesrochem 58, 1038-1044.

Sharma, V.K., Pottick, L.A. & Banerjee, S.P. 1980. Ouabain

t of dl.:q}ll'

depolarization induced by oxygen and glucose deprivation in N .286."!:1 =419 transport in guinea pig heart.
rat striatal spiny neurons, Stroke 30, 171-190. aiye *

© 2007 The Authors

Journal pilation © 2007 Scandinavian Physiological Society, doi: 10.1111/).1748-1716.2007.01749.x 283

-433-




gt

Quabain and cardiac aut: !

nerve

Smith, D.0, 1992. Routes of actylcholine leakage from cyto-
solic and vesicular compartments of rat motor nerve termi-
nals. Neurosci Lert 13§, 5-9,

Sweadner, K. 1985, Ouabain-evoked norepinephrine release
from intact rat sympathetic neurons: evidence for carrier-
mediated release. | Newrosci 5, 2397-2406.

Verbny, Y., Zhang, C.L. & Chiu, 5.Y. 2002. Coupling of
calcium homeostasis to axonal sodium in axons of mouse
optic nerve. | Neurophysiol 88, 802-816.

Vizi, E.S. 1998, Differential temperarture dependence of carrier-
mediated (cyroplasmic) and stimulus-evoked (exocytotic)
release of tr itter: a simpl hod to separate two rypes
of relase. Neurochem Int 33, 359-366.

Vyskocil, F. & Tlles, P, 1977, Non-quantal release of transmitter
at mouse neuromuscular junction and its dependency on the
activity of Na*-K* ATPase. Pflugers Arch 370, 295-297.

Wasserstrom, J.A. & Aistrup, G.L. 2005. Digitalis: new actions
for an old drug. Am | Physiol Heart Circ Physiol 289,
H1781-H1793.

284 © 2007 Scandi

« T Yamazaki et al.

vian Ph

Acta Physiol 2007, 191, 275-284

Wiedenkeller, D.E. & Sharp, G.W. 1984, Unexpected poten-
tiation of insulin release by the calcium store blocker TMB-
8. Endocrinolgy 114, 116-119.

Yamazaki, T., Akiyama, T., Kitagawa, H., Takauchi, Y.,
Kawada, T. & Sunagawa, K. 1997. A new, concise dialysis
approach to assessment of cardiac sympathetic nerve termi-
nal abnormalities. Am | Physiol 272, H1182-H1187.

Yamazaki, T., Akiyama, T., Kawada, T. er al. 1998. Norepi-
nephrine efflux evoked by potassium chloride in cat sym-
pathetic nerves: dual mechanism of action. Brain Res 794,
146-150.

Yamazaki, T., Akiyama, T. & Mori, H. 2001. Effects of
nociceptin on cardiac norepinephrine and acerylcholine
release evoked by ouabain, Brain Res 904, 153-156.

Zemkova, H., Vyskocil, F. & Edwards, C. 1990, The effect of
nerve terminal acrivity on non-quantal release of acetylcho-
line ar the mouse neuromuscular junction. | Physiol 423,
631-640.

2007 The Authors

Journal compil

-434-

©
logical Sociery, doi: 10.1111/},1748-1716.2007,01749.x



Polymer Journal, Vol. 39, No. 10, pp. 1065-1070 (2007)
2007 The Society of Polymer Science, Japan

Synthesis of Sugar-Polysiloxane Hybrids Having Rigid Main-Chains
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ABSTRACT: We synthesized sugar-polysiloxane hybrids having rigid main-chains by reaction of sugar-lactones
with amine-functionalized polysiloxane (1). Reaction of gluconolactone (2) with 1 was performed to obtain polysilox-
ane (3) having polyol moieties derived from glucose. This material has the regularly controlled higher-ordered structure
in solid state such as the hexagonal phase. A hydrophilic sugar-polysiloxane hybrid (5) was prepared by reaction of
lactobionolactone (4) with 1. Furthermore, an amphiphilic sugar-polysiloxane hybrid (8) was synthesized by introduc-
tion of stearoy! groups in addition to sugar groups on the surface of 1. The SEM image of the amphiphilic material 8

exhibited formation of nano aggregates having the particle diameters of ca. 50nm in water.

[doi:10.1295 /polym;j.P12006268]
KEY WORDS
Aggregate /

There has been a growing interest in sugar portions
of the glycoproteins because of exhibiting to bind to
carbohydrate-recognition proteins, toxins, viruses,
and cells. It has been known that a molecular assem-
bly formed from the sugar-residues in the living sys-
tem expresses stronger recognition ability than that
of a single sugar molecule. This, so-called multivalent
or cluster effect, has become a principle in the design
of artificial glycoconjugate ligands. Therefore, poly-
meric materials having such functional sugar-residues,
i.e., ‘glycopolymer’, have widely been investigated
because these materials efficiently show the multiva-
lent effect.! So far, a number of such glycopolymers
have been synthesized, which are composed of vari-
ous organic polymer main-chains combined with a
variety of sugar side-chains.®

Inorganic polymers such as polysiloxanes have var-
ious of interesting properties, e.g., high oxygen per-
meability, low toxicity, and biocompatibility, which
are advantages as biomaterials. Therefore, sugar-poly-
siloxane hybrids would be expected to have a signifi-
cant potential for biological applications. In previous
study, synthesis of such sugar-inorganic hybrids, com-
posed of polydimethylsiloxane main-chain has been
reported.”'? Since the main-chain has relatively flex-
ible nature, nanostructures of the hybrid materials
have not been controlled well.

Based on the above viewpoints, we paid attention to
amine-functionalized polysiloxanes'"!? for the main-
chain of new sugar-polysiloxane hybrids, which were

Glycopolymer / Sugar-lactone / Polysiloxane / Amphiphilic / Hybrid / Nano

prepared by sol-gel reaction of amine-functionalized
organoalkoxysilanes in strong acid aqueous solutions.
The materials have rigid structures and construct
hexagonal phase in solid state, because their frame-
works are Si-O-Si network structures derived from tri-
functional organoalkoxysilane. Furthermore, the ma-
terials are soluble in water and have reactive amino
groups on the surface. Their rigidity, solubility, and
reactivity would be advantageous properties to con-
trolling nanostructures and introduction of various
functional groups on the surface, in addition to the
general characteristics of the inorganic polymers.

In previous communication, we briefly reported
simple preparation method for a rigid polysiloxane
hybrid (3) having polyol moieties using the amine-
functionalized polysiloxane (1) and gluconolactone
(2) (Scheme 1).!* Because the sugar lactones like 2
react with the amino groups without protection of
the hydroxy groups, they are useful substrates for such
the simple procedure to exclude multi-reaction steps.
However, 2 was not suitable for preparation of mate-
rials containing the sugar substituents, because the
ring-opened moieties like the side chain of 3 formed
from 2 had no any sugar-residues. Therefore, we have
been carrying out studies on the synthesis of sugar-
functionalized polysiloxane hybrids using disaccha-
ride-lactone such as lactobionolactone (4), because
the existence of sugar-residues can be maintained in
spite of opening the lactone ring of 4 by the reaction
with 1.

"To whom correspondence should be addressed (Tel: +81-99-285-7743, Fax: +81-99-285-3253, E-mail: kadokawa @eng kagoshima-u.ac.jp).
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Scheme 1.

In this paper, we describe the synthesis of sugar-
polysiloxane hybrids having rigid main-chains by
the reaction of sugar-lactones with 1. Furthermore,
we prepared an amphiphilic sugar-polysiloxane hybrid
by introduction of long alkyl chains in addition to
sugar-residues on the surface of 1 to promote the for-
mation of the nano aggregates in water, expecting the
multivalent effects.

EXPERIMENTAL

Materials

The polysiloxane 1 was prepared according to
the literature procedure.'" N,N-Dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), and triethyl-
amine were purified by distillation. Other reagents
were used as received.

Reaction of 1 with Gluconolactone 2"

To a suspension of 1 (0.147 g, 1.0mmol unit) in
DMF (2.5mL) was successively added triethylamine
(0.15mL, 1.1mmol) and a solution of 2 (0.891g,
5.0mmol) in DMF (10mL) with vigorously stirring
at 80°C under argon. After the mixture was stirred
further at that temperature for 13h, the obtained
product was isolated by filtration, washed with DMF
and acetone, and then dried under reduced pressure
at 40°C to yield 0.191 g of the yellow-powdered 3.
'"H NMR (600 MHz, D,0): § 4.38-4.26 (br, -C(=0)-
CH-), 6 4.16-4.05 (br, -C(=0)CH(OH)CH-), § 3.88-
3.60 (br, -CH(OH)CH(OH)CH;-), 6 3.41-3.10 and
3.06-2.91 (br, -NCH,-), é 1.88-1.45 (br, -NCH,CH,-
CH,Si-), 6 0.94-0.47 (br, -CH,Si-).

Synthesis of Hydrophilic Sugar-Polysiloxane Hybrid
(5)

To a suspension of 1 (0.147 g, 1.0mmol unit) in
DMSO (3.0 mL) was successively added triethylamine
(0.34 mL, 2.4 mmol) and a solution of 4 (1.701 g, 5.0
mmol) in DMSO (10 mL) with vigorously stirring at
80°C under argon, and the mixture was stirred further
at that temperature for 2h. The mixture became grad-
ually homogeneous solution. The solution was poured
into acetone (300mL) to precipitate the powdered

1066 -436-

product. The precipitated product was isolated by fil-
tration, successively washed with acetone, hydro-
chloric acid (HCl) methanol solution and methanol,
and then dried under reduced pressure at 40°C to
yield 0.332g of the light yellow-powdered 5.
"H NMR (600MHz, D,0): § 4.65-4.50 (br, -OCH-
(CH-)O-), 8 4.50-4.32 (br, -C(=0)CH(OH)-), & 4.32-
4,13 (br, -C(=0)CH(OH)CH(OH)-), & 4.08-3.49 (br,
-CH(0-)CH(OH)CH,0H, -CH(OH)CH(OH)CH(OH)-
CH(0O-)CH,;0H), é 3.40-3.12 (br, -C(=0)NHCH,-),
8 3.12-2.87 (br, CI-NH3CH>-), § 1.95-1.43 (br,
-NCH,CH;CH;Si-), § 0.93-0.50 (br, -CH>Si-).

Synthesis of Stearoyl-Carrying Polysiloxane (7)

To a solution of 1 (0.440 g, 3.0 mmol unit) in water
(10mL) was successively added triethylamine
(1.0mL, 7.2 mmol) and a solution of stearoyl chloride
(6) (0.182g, 0.6 mmol) in DMF (30 mL) with vigo-
rously stirring at room temperature, and the solution
was stirred further at that temperature for 10 min,
After 5mol/L HCI aqueous solution (2.88mL, 14.4
mmol) was added to this mixture and this solution
was stirred further for 5min, the solution was poured
into acetone (300mL) to precipitate the powdered
product. The precipitated product was isolated by fil-
tration, washed with acetone and chloroform, and then
dried under reduced pressure at 40°C to yield 0.437 g
of the white-powdered 7. 'H NMR (600 MHz,
DMSO0-dg-D>0): § 3.09-2.72 (br, -NCH>-), § 2.20-
2.01 (br, -C(=0)CH>-), & 1.88-1.55 (br, -NCH,CH,-
CH5Si-), § 1.50-1.40 (br, -C(=0)CH,CH-), § 1.28-
1.10 (br, -CCH,(C-), 6 0.95-0.45 (br, -CHj, -CH,Si-).

Synthesis of Amphiphilic Sugar-Polysiloxane Hybrid
(8)

To a solution of 7 (0.150g, 1.3mmol unit) in
DMSO (5mL) was successively added triethylamine
(0.46mL, 3.3mmol) and a solution of 4 (2.212g,
6.5 mmol) in DMSO (15mL) with stirring at 80°C,
and the solution was stirred further at that temperature
for 2h. The solution was poured into acetone (300
mL) to precipitate the powdered product. The precipi-
tated product was isolated by filtration, successively
washed with acetone, HCl methanol solution and
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