4 XL
FactorX§ \ )

Gla-domain

Fig. 2. Comparison of the RVV-X light chains and X-bp. (A)
Superimposition of the RVV-X light chains (LA in orange and LB
in magenta) onto the structure of X-bp (in gray) in complex with the
Gla domain (in pink) of factor Xa (110D). The Gla residues and the
Ca®* ions are shown in ball-and-stick representation and as green

. spheres, respectively. (B) The molecular surfaces of X-bp and the light
chains of RVV-X are represented according their electrochemical
potentials (blue for positive, red for negative) and are viewed from the
pseudo 2-fold axis. Conserved and varied residues are labelled in cyan
and in red, respectively. (C) A model of the RVV-X light chains in
complex with the Gla domain that was positioned based on the X-bp/
fX Gla domain complex structure.
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3.4. Docking model

Fig. 3A represents a preliminary docking model. For con-
structing a model, firstly, the second EGF domain (EGF2)
and the serine proteinase (SP) domain of factor Xa
(PDBID:1XKA) were placed such that the N-terminus of the
factor X heavy chain (Ile195) closely approaches the RVV-X
active site, and the globular SP domain fits into the concave

Fig. 3. Docking model. (A) The surfaces of the RVV-X sub-domains
are coloured as in Fig. 1A. Factor Xa is shown in ribbon represen-
tation. Ile195 (in stick representation) and the N-terminal region
(residues 195-201) of the factor X heavy chain are shown in magenta.
In the right panel, the EGF1 segment of the original structural model
(1XKA) is shown in gray. (B) Close up view of the RVV-X catalytic
site of the docking model viewed from inside the factor Xa molecule.
The N-terminal residues of factor Xa are shown in white and those of
the model of factor X (zymogen) are shown in light pink. Because the
factor X structure is currently unavailable, we assumed that this region
has an extended structure. (C) Schematic model of factor X activation
by RVV-X.
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surface created by the C,/LA domains. Secondly, we intro-
duced a 50° bend between the two EGF domains so that the
EGF1 domain fits to the convex surface of the LA domain
(Fig. 3A). The linker between the two EGF domains is most
likely flexible in solution [20]. This displacement successfully
placed the N-terminus of the EGF1 domain in close proximity
to the C-terminus of the Gla domain.

In the factor Xa structure, the N-terminal residue of the hea-
vy chain, I1e195, is buried within the protein [20]. However, in
the zymogen, the intact Argl94-Ile195-containing segment
must be situated on the molecular surface, as in the equivalent
segments of other serine proteinase zymogen structures [21].
The region of factor X that is C-terminal to the scissile peptide
(segment coloured in magenta in Fig. 3A) may be located
along the surface of the SP domain, resulting in its binding
to the primed region of RVV-X| in the same orientation as
the peptide-like inhibitor GM6001 lies in the current crystal
structure (Fig. 3B). In the present docking model, since both
molecules were positioned just as a rigid body without any col-
lision, the active site zinc atom of RVV-X and 11e195 of factor
Xa are 16 A apart. Intrinsic hinge motions of the modular M/
Dy/D,/C,, architecture [12], and conformational changes upon
association of RVV-X and the factor X zymogen, may allow
the catalytic site of RVV-X to interact directly with the
Argl94-1le195 bond of factor X when in solution (Fig. 3C).
The relatively large separation (~65 A) of the catalytic site
and the Gla-domain-binding exosite may explain the high
specificity of RVV-X for factor X.

3.5. Implication for molecular evolution of RVV-X

CLPs from snake venoms are characterized by a unique
dimerization mechanism of protein evolution, in which two
monomers swap a portion of the long loop region, forming a
stable functional unit and creating a new concave surface for
target binding for a variety of biological activities [10]. Dimers
can further aggregate with each other to form higher-order
oligomers {22], or, as in the case of RVV-X, form covalently
linked complexes with a metalloproteinase chain creating an
exosite. The RVV-X structure illustrates a good example of
evolutionary gain of function by multi-subunit proteins, repre-
sented by the fold adaptation, for the binding of other ligands.

4. Conclusion

ADAMs are widely distributed and constitute the major
membrane-bound sheddases to play roles in important pro-
cesses occurring at the cell surface. However, the molecular
mechanism of target recognition by ADAMs and which
ADAMs shed which key substrates in specific biological events
has been poorly understood. Previously, we suggested that the
HVR may constitute an exosite that captures the target or
associated proteins, and that is processed by the catalytic site
[11]. The RVV-X structure is consistent with this model and
provides insights into the molecular basis of HVR-mediated
protein—protein interactions and target recognition by
ADAM/adamalysin/reprolysin family proteins.
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PRECLINICAL STUDIES

Important Role of Endogenous
Hydrogen Peroxide in Pacing-Induced
Metabolic Coronary Vasodilation in Dogs In Vivo

Vol. 50, No. 13, 2007

Toyotaka Yada, MD, PHD,* Hiroaki Shimokawa, MD, PuD,t Osamu Hiramatsu, PHD,*
Yoshiro Shinozaki, BS,+ Hidezo Mori, MD, PHD,§ Masami Goto, MD, PuD,*
Yasuo Ogasawara, PHD,” Fumihiko Kajiya, MD, PHD*

Kurashiki, Sendai, Isehara, and Suita, Japan

We examined whether endogenous hydrogen peroxide (H,0,) isAinvoIved in pacing-induced metabolic vasodila-
tion in vivo.

Objectives

Background We have previously demonstrated that endothelium-derived H,0, is an endothelium-derived hyperpolarizing fac-
tor in canine coronary microclrculation in vivo. However, the role of endogenous H,0, in metabolic coronary va-

sodilation In vivo remains to be examined.

Canine subepicardial small coronary arteries (=100 um) and anterioles (<100 um) were continuously observed
by a microscope under cyclooxygenase blockade (ibuprofen, 12.5 mg/kg intravenous [IV]) (h = 60). Experiments
were performed during paired right ventricular pacing under the following 7 conditions: control, nitric oxide (NO)
synthase inhibitor (N®-monomethyl-L-arginine [L-NMMA], 2 pmol/min for 20 min intracoronary [IC}), catalase (a
decomposer of H,0,, 40,000 U/kg IV and 240,000 U/kg/min for 10 min IC), 8-sultophenyltheophylline (SPT) (an
adenosine receptor blocker, 25 pg/kg/min for 5 min IC), L-NMMA +catalase, L-NMMA +tetraethylammonium
(TEA) (K¢,-channel blocker, 10 pg/kg/min for 10 min IC), and L-NMMA +catalase+ 8-SPT.

Methods

Results Cardiac tachypacing (60 to 120 beats/min) caused coronary vasodilation in both-sized arteries under contro!
conditions in response to the increase in myocardial oxygen consumption. The metabolic coronary vasodilation
was decreased after L-NMMA in subepicardial small arteries with an increased fluorescent H,0, production com-
pared with catalase group, whereas catalase decreased the vasodilation of arterioles with an increased fluores-
cent NO production compared with the L-NMMA group, and 8-SPT also decreased the vasodilation of arterioles.
Furthermore, the metabolic coronary vasodilation was markedly attenuated after L-NMMA -+ catalase,

L-NMMA-TEA, and L-NMMA +catalase+8-SPT in both-sized arteries.

Conclusions These results indicate that endogenous H,0, plays an important role in pacing-induced metabolic coronary vaso-
dilation in vive. (J Am Coll Cardiol 2007;50:1272-8) © 2007 by the American College of Cardiology

Foundation

(9), or EDHF (10). Matoba et al. have previously identified
that endothelium-derived hydrogen peroxide (H,O,) is a

Cardiac tachycardia by pacing or exercise increases myocar-
dial oxygen consumption (MVO,) and increases coronary
blood flow by several mechanisms (1-3). Shear stress plays
a crucial role in modulating vascular tone by endothelium-
derived releasing factors (EDRFs), including nitric oxide
(NO), prostacyclin (PGI,), and endothelium-derived hy-
perpolarizing factor (EDHF) (4,5). Flow-induced vasodila-
tion is mediated by either NO (6,7), PGI, (8), both of them

See page 1279

primary EDHF in mesenteric arteries of mice and humans

(11,12). Morikawa et al. (13,14) subsequently confirmed
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that endothelial Cu,Zn-superoxide dismutase (SOD) plays
an important role as an EDHF synthase in mice and
humans. Miura et al. (15) demonstrated that endothelium-
derived H,O, is involved as an EDHF in the flow-induced
vasodilation of isolated human coronary arterioles in vitro.
We have recently confirmed that endogenous H,O, plays
an important compensatory role during coronary autoregu-
lation (16) and reperfusion injury in vivo (17) through the
interactions with NO and adenosine.

It is known that vascular a-adrenergic receptor is mod-
ulated by the endothelium in dogs (18), whereas cardiac
B-adrenergic receptor is modulated by K-, channels in pigs
(19) and H,O, in mice (20). However, the role of endog-
enous H,O, in metabolic coronary vasodilation in vivo
remains largely unknown. In the present study, we thus
examined whether H,0, is involved in pacing-induced
metabolic coronary vasodilation in canine coronary micro-
circulation in vivo.

Methods

This study conformed to the Guideline on Animal Exper-
iments of Kawasaki Medical School and the Guide for the
Care and Use of Laboratory Animals published by the U.S.
National Institutes of Health.
Animal preparation. Anesthetized mongrel dogs of either
gender (15 to 25 kg in body weight, n = 60) were ventilated
with a ventilator (Model VS600, IDC, Pittsburgh, Penn-
sylvania). We continuously monitored aortic pressure and
left ventricular pressure (LVP) with a catheter (SPC-784A,
Millar, Houston, Texas) and blood flow of the left anterior
descending coronary artery (LAD) with a transonic flow
probe (T206, Transonic Systems, Ithaca, New York).
Measurements of coronary diameter by intravital micro-
scope. We continuously monitored coronary vascular re-
sponses by an intravital microscope (VMS 1210, Nihon
Kohden, Tokyo, Japan) with a necedle-probe in vivo, as
previously described (21). We gently placed the needle-
probe on subepicardial microvessels. When a clear vascular
image was obtained, end-diastolic vascular images were
taken with 30 pictures/s (21).
Measurements of regional myocardial blood flow. Re-
gional myocardial blood flow was measured by the non-
radioactive microsphere (Sekisui Plastic Co. Ltd., Tokyo,
Japan) technique, as previously described (22). Briefly, the
microspheres suspension was injected into the left atrium 3
min after tachypacing. Myocardial flow in the LAD area
was calculated according to the formula “time flow = tissue
counts X (reference flow/reference counts)” and was ex-
pressed in ml/g/min (22).
Detection of H,0, and NO production in coronary
microvessels. 2',7'-dichlorodihydrofluorescein diace-
tate (DCF) (Molecular Probes, Eugene, Oregon) and
~ diaminorhodamine-4M AM (DAR) (Daiichi Pure Chem-
icals, Tokyo, Japan) were used to detect H,O, and NO

production in coronary microvessels, respectively, as previ-
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ously described (17). Briefly,
fresh and unfixed heart tissues
were cut into several blocks and
immediately frozen in optimal

cutting temperature compound
(Tissue-Tek, Sakura Fine

Chemical, Tokyo, Japan). Fluo-

rescent images of the microves-
sels were obtained 3 min after
application of acetylcholine
(ACh) by using a fluorescence
microscope (OLYMPUS BX51,
Tokyo, Japan) (17).

Experimental protocols. After
the surgical procedure and in-
strumentation, at least 30 min
were allowed for stabilization
while monitoring hemodynamic
variables. Coronary vasodilator
responses were examined before
and after cardiac tachypacing (60
to 120 beats/min) under the fol-
lowing 7 conditions with cyclo-
oxygenase blockade (ibuprofen,
12.5 mg/kg, IV) to evaluate the

Abbreviations
and Acronyms

CBF = coronary blood flow

DAR = diaminorhodamine-
aM AM

DCF = 2/,7"-
dichtoradihydrofluo

diacetate

EDHF = endothelium-
derived hyperpolarizing
factor

H,0, = hydrogen peroxide

L-NMMA =
NE-monomethyl-L-arginine

LAD = left anterior
descending coronary artery

MVO, = myocardial oxygen
consumption

NO = nitric oxide
PGl, = prostacyclin

SPT =
sulfophenyltheophylline

TEA = tetraethylammonlum

role of H,O, and NO without PGI, in a different set of
animals (Fig. 1): 1) control conditions without any inhibitor;
2) L-NMMA alone (2 pmol/min intracoronary [IC] for 20
min); 3) catalase alone (40,000 U/kg intravenous [IV] and
240,000 U/kg/min IC for 10 min, an enzyme that dismutates

. § Fluorescernt
CCO image Microsphere treatment,
Protocols 2min min | immediately
1min] after pacing
1. Control Pacing Y
-NMMA
. ||
2. L-NMMA 20min J€"™ Pacing +
Catalase I I
3. Catalase 10;n+ Pacing *
’ 8-SPT I l
4.8-SPT HSmin Pacing ,y
L-NMMA
~Catalase | I
5. L-NMMA+Catalase [] Pacing v
L-NMMA
o N
6. L-NMMA+TEA E—H Pacing *
. L-NMM‘A|
atalas
”[—C § 8-SPT I ’
. |
7. L-NMMA+Catalase ’ Pacing Y
+8-SPT
ZF-01CB Experimental Protocols
GCD = charge-coupied davice; LNMMA = NSmanomethyl-L-arginine;
SPT = suifophenyltheophylline; TEA = tetracthylammonium.
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The coronary vasodilating responses of hothsized coronary arteries were significantly
inhibited in all expetimenta! conditions except L-NMMA alone. **p - 0.01. Abbreviations as in Figure 1.

H,0, into water and oxygen); 4) adenosine receptor blockade
alone (8-sulfophenyltheophylline [8-SPT], 25 pg/kg/min 1C
for 5 min); 5) catalase plus L-NMMA; 6) catalase plus
tetracthylammonium (TEA) (10 pg/kg/min 1C for 10 min, an
inhibitor of large conductance K, channels to inhibit EDHF-
mediated responses) (23); and 7) catalase plus L-NMMA with
8-SPT (16). These inhibitors were given at 30 min before
cardiac tachypacing (Fig. 1). The basal coronary diameter was
defined as that before pacing. We continuously observed the
diameter change in subepicardial small coronary arteries (=100
pm) and arterioles (<100 wm) with an intravital microscope

before and at 2 min after pacing. Microspheres were admin- .

istered at 3 min after the pacing was started (Fig. 1). In the
combined infusion protocol (L-NMMA +catalase+8-SPT),
L-NMMA infusion was first started, followed by catalase
infusion, and then 8-SPT was added at 15 min after the
initiation of L-NMMA infusion (Fig. 1). Then, fresh and
unfixed heart tissues were cut into several blocks and immedi-
ately frozen in optimal cutting temperature compound after the
pacing. The flow and MVO, were measured as full-thickness
values. ’

Drugs. All drugs were obtained from Sigma Chemical Co.
and were diluted in a physiological saline immediately
before use.

Statistical analysis. Results are expressed as means
SEM. Differences in the vasodilation of subepicardial cor-
onary microvessels before and after pacing (Fig. 2) were
examined by a multiple regression analysis using a model, in
which the change in coronary diameter was set as a
dependent variable (y) and vascular size as an explanatory
variable (x), while the statuses of control and other inhibi-

+

tors were set as dummy variables (D1, D2) in the following
equation: y = a0 + alx + a2D1 + a3D2, where 20 through
a3 are partial regression coefficients (16). Significance tests
were made as simultaneous tests for slope and intercept
differences. Pairwise comparisons against control were made
without adjustment for multiple comparisons. The vessel
was the unit of analysis without correction for correlated
observations. The power of this analysis is greater than that
of using the animal as the unit of analysis, giving smaller
p values. Vascular fluorescent responses (Figs. 3 and 4) were
analyzed by one-way analysis of variance followed by Scheffe’s
post hoc test for multiple comparisons. The critetion for
statistical significance was at p < 0.05.

Results

Hemodynamic status and blood gases during pacing.
Throughout the experiments, mean aortic pressure was
constant and comparable (Table 1), and pO,, pCO,, and
pH were maintained within the physiological ranges (pO,
>70 mm Hg, pCO, 25 to 40 mm Hg, and pH 7.35 to
7.45). Baseline coronary diameter was comparable in the
absence and presence of inhibitors under the 7 different
experimental conditions (Table 1). Cardiac tachypacing in-
creased coronary blood flow and MVO, from the baseline
values (Table 2, both p < 0.01). Combined infusion of
L-NMMA +catalase +8-SPT significantly decreased coronary
blood flow (CBF) and MVO, as compared with control,
L-NMMA alone (both p < 0.01), catalase alone (both p <
0.01), 8-SPT alone (both p < 0.01), L-NMMA +catalase
(both p < 0.05), L-NMMA+TEA (both p < 0.05). Com-
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A Baseline

C L-NMMA+pacing

B Control pacing

D Catalase+pacing

Detection of H,0, Production With DCF Fluorescent Method

Hydrogen peroxide (H,0,) production was unaltered after N®-monomethykL-arginine (LINMMA) but was markedly suppressed hy
catalase. Number of arterioles/animals used was 5/5 for each group. *p < 0.05, **p < 0.01. DCF = 2’,7'-dichlorodihydrofluorescein diacetate.
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bined infusion of L-NMMA+catalase or L-NMMA+
TEA significantly decreased CBF (both p < 0.05) and
MVO, (both p < 0.05) as compared with control after the
pacing.

Coronary vasodilation before and after cardiac tachy-
pacing. Cardiac tachypacing caused coronary vasodilation
in both-sized arteries under control conditions (small cor-

decreased coronary venous pO, (Table 2). The metabolic
coronary vasodilation was significantly decreased after
L-NMMA in small coronary arteries (3 = 1%) but not in
arterioles (14 = 2%), whereas catalase and 8-SPT decreased

the vasodilation of arterioles (both 4 + 1%) but not in small
coronary arteries (both 7 * 1%) (Figs. 2B and 2C).
Furthermore, the metabolic coronary vasodilation was
markedly attenuated after L-NMMA +catalase and
L-NMMA +TEA in small coronary arteries (both 2 * 1%),
and L-NMMA + catalase+8-SPT almost abolished the va-
sodilating responses in both-sized arteries (small coronary
arteries, —1 * 1%; arterioles, 1 = 1%) (Figs. 2D to 2F).
When expressed in a linear regression analysis, the coronary
vasodilating responses of both-sized coronary arteries were
significantly inhibited in all experimental conditions except
L-NMMA alone (Fig. 2A).

A Baseline

C L-NMMA+pacing

B Control pacing

4 5 *k
|
*% *% *
] 1

D Catalase+pacing

Detection of NO Production With DAR Fluorescent Method

Nitric oxide (NO) production was unaltered after catalase but was markedly suppressed by N-monomethytL-arginine
(L-NMMA). Number of arterioles/animals used was 5/5 for each group. *p < 0.05, **p X 0.01. DAR = diaminorhodamine-4M AM.

E Fluorescent intensity

«w
"

1

Relative intensity
N

(=1 -
" "
:-‘
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AE LR The Small Artery and Arteriolar Diameter Measurements at Rest and During Cardiac Pacing

Control L-NMMA (L} Catalase (Cat) 8-SPT L+Cat L+TEA L+Cat+8-5PT
Small artery
n (vesseis/dogs) 12/10 12/10 9/5 7/5 12/10 12/10 12/10
Rest (um) 127+ 7 125+ 6 127+ 5 126 + 6 125+ 7 123*+6 124 + 7
Cardiac pacing (um) 134 = 7+ 129+ 7¢ 132 + 5* 131 = 6* 127+ 7 1246 123 £ 6
Arteriole
n (vessels/dogs) 12/10 12/10 9/5 9/5 12/10 12/10 12/10
Rest (um) %BL5 735 M1*=5 71+5 725 745 72+6
Cardiac pacing (pm) 85 + §* 82 * 5* 77 + 61 77 6t 77+ 5% 71x5 73+5
Results are expressed as mean * SEM. *p < 0.01, {p ~ 0.05 versus rest.
L-NMMA = N hyl-L-arginine; SPT = sulfophenyith hylline; TEA = y

Detection of H,0, and NO production. Fluorescent
microscopy with DCF showed that cardiac tachypacing in-
creased coronary H,O, production compared with baseline
conditions in arterioles (Fig. 3). The pacing-induced H,0,
production as assessed by DCF fluorescent intensity was
unaltered after L-NMMA but was markedly suppressed by
catalase (Fig. 3). By contrast, in small coronary arteries,
vascular NO production as assessed by DAR fluorescent
intensity was significantly increased in response to the pacing
compared with baseline conditions (Fig. 4). The pacing-
induced NO production was unaltered after catalase but was
markedly suppressed by L-NMMA (Fig. 4). Pacing caused no
significant increase in H,O, production in small coronary
arteries or NO production in arterioles (data not shown).

Discussion

The major finding of the present study is that endogenous
H,O, plays an important role in pacing-induced metabolic

coronary dilation as a compensatory mechanism for NO in
vivo. We demonstrated the important role of endogenous
H,0, in the mechanisms for metabolic coronary dilation in vivo.
Validations of experimental model and methodology. We
chose, on the basis of our previous reports (16,17), the
adequate dose of L-NMMA, catalase, TEA, and 8-SPT in
order to inhibit NO synthesis, H,0,, K, channels, and the
adenosine receptor, respectively. The TEA at low doses is
fairly specific for K¢, channel, but at higher doses it might
block a number of other K channels. Because several K,
channels might be involved in H,O,-mediated responses
(5), we selected nonselective K, inhibitor, TEA, to inhibit
all K¢, channels (23). We have previously confirmed the
validity of our present methods (21).

Role of NO and H, 0, after cardiac pacing. Matoba et al.
have demonstrated that endothelium-derived H,O, is an
EDHF in mouse (11) and human (12) mesenteric arteries
and pig coronary microvessels (24). Morikawa et al. also

Hemodynamic Status at Rest and During Cardiac Pacing

Corrtrol L-NMMA (L) Catalase (Cat) 8-SPT L+Cat L+TEA L+Cat+B8-SPT

n (dogs) 10 10 5 5 10 10 10
sBP

Rest (mm Hg) 135 + 14 135 + 14 114+ 9 1235 98+ 9 99+9 96 + 8

Cardiac pacing 137 + 14 136 * 14 125 1307 100t 9 100+8 103 + 9
MBP

Rest (mm Hg) 117 + 10 117 + 10 98+ 8 99+ 5 89+ 10 90 + 10 87 +9

Cardiac pacing 124 9 120+ 13 107 = 10 110+ 7 91+ 10 92 + 10 92 £ 10
DP

Rest 8,100 * 845 8,100 *+ 845 6,855 = 527 7,350 * 312 5,880 + 537 5,910 + 527 5,730 £ 478

Cardiac pacing
CVPO,

16,440 * 1,718*

16,320 + 1,680*

15,000 = 1,423*

Rest (mm Hg) 201 171 161

Cardiac pacing 14 = 1 11 £ 1* 11 * 1+
MVO,

Rest (ul0,/min/g) 702 66 % 2 672

Cardiac pacing 171 * 4% 168 * 2% 158 + 12%
CBF

Rest (ml/min/g) 0.66 * 0.06 0.63 + 0.06 0.66 + 0.03

Cardiac pacing 1.48 * 0.32% 1.46 * 0.061 1.36 + 0.02¢

15,630 + 778* 11,940 > 11,029*

1714 15+ 1t
12+ 4% 10+ 104
7345 62+ 5
168 + 13% 133 * 414
0.66 * 0.01 0.59 = 0.06
1.40 + 0.01% 122 + 0.01t

12,000 * 1,011*

15 = 11
10+ 4t

61+ 5
130 *+ 1813

0.62 * 0.05
1.24 + 012t

12,300 % 1,078*

14 = 1%
9+ 1t

605
95 + 9*§

0.51 £ 0.04
0.96 * 0.071§

Results are expressed as mean = SEM, *p -< 0.05 versus at rest. tp -< 0.05 versus corresponding control measurements. $p < 0.01 versus rest. §p < 0.04 versus corresponding control measurements.
CBF = coronary blood flow; CVPO, == coronary venous pO; DP = double product: MBP == mean blood pressure; MVO, = myocargial oxygen consumption; SBP = systolic blood pressure; other

abbreviations as in Table 2.
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have demonstrated that endothelial Cu,Zn-SOD plays an
important role as an H,O,/EDHF synthase in mouse (13)
and human (14) mesenteric arteries. Subsequently, we
(16,17) and others (15) confirmed that endogenous H,0,
exerts important vasodilator effects in canine coronary
microcirculation in vivo and in isolated human coronary
microvessels, respectively. In the present study, the
pacing-induced metabolic coronary vasodilation was sig-
nificantly decreased after L-NMMA in small coronary
arteries but not in arterioles, whereas catalase decreased
the vasodilation of arterioles but not that of small
arteries, and the coronary vasodilation was markedly
attenuated after L-NMMA +catalase (Fig. 2). These
findings indicate that NO and H,O, compensate for each
other to maintain coronary vasodilation in response to
increased myocardial oxygen demand. Coronary venous
pO; tended to be lower after L-NMMA + catalase, sug-
gesting that NO and H,0, coordinately cause coronary
vasodilation during cardiac tachypacing.

Saitoh et al. (25) suggested that the production of H,0,,
which stems from the dismutation of O, that is formed
during mitochondrial electron transport, is seminal in the
coupling between oxygen metabolism and blood flow in the
heart. Thus, the contribution of H,O, production in re-
sponse to the change in metabolism cannot be excluded.

Endothelial Cu,Zn-SOD plays an important role in the
synthesis of H,0, as an EDHF synthase in mouse (13) and
human (14) mesenteric arteries, and exercise training en-
hances expression of Cu,Zn-SOD in normal pigs (26). It
remains to be examined whether exercise-induced up-
regulation of Cu,Zn-SOD enhances metabolic coronary
vasodilation mediated by endogenous H,0,.
Compensatory vasodilator mechanism among H,0,,
NO, and adenosine. The EDHF acts as a partial compen-
satory mechanism to maintain endothelium-dependent va-
sodilation in the forearm microcirculation of patients with
essential hypertension, where NO activity is impaired owing
to oxidative stress (27). We have recently demonstrated in
the fluorescent microscopy study that coronary vascular
production of H,0, and NO is enhanced after myocardial
ischemia/reperfusion in small coronary arteries and arte-
rioles, respectively (17). In the present study, the DCF
fluorescent intensity was comparable between control and
L-NMMA, and that of DAR was also comparable between
control and catalase (Figs. 3 and 4). Although -the exact
source of vascular production of H,O, and NO remains to
be elucidated, it is highly possible that endothelium-derived
NO and H,O, compensate for each other to maintain
coronary vasodilation in response to increased MVO,.

In the dog, blockade of any vasodilator mechanisms fails
to blunt the increase in coronary blood flow in response to
exercise, indicating that adenosine, K* ,1p-channel open-
ing, prostanoids, or NO might not be mandatory for
exercise-induced coronary vasodilation, or that these redun-
-dant vasodilator mechanisms compensate for each other
when one mechanism is blocked (28). In the present study,
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adenosine blockade with 8-SPT alone inhibited the pacing-
induced vasodilation of arteriole but not that of small artery,
whereas combined administration of L-NMMA +catalase +8-
SPT almost abolished the pacing-induced coronary vasodila-
tion of both-sized arteries with an increase in coronary blood
flow (Fig. 2). The discrepancy between the diameter and flow
responses is likely due to the metabolic autoregulation of
smaller arterioles. These results indicate that adenosine also
plays an important role to maintain metabolic coronary vaso-
dilation in cooperation with NO and H,O,, a finding consis-
tent with our previous study on coronary autoregulatory mech-
anisms (15).

Study limitations. Several limitations should be men-
tioned for the present study. First, although we were able to
demonstrate the production of H,O, with fluorescent
microscopy with DCF, we were unable to quantify the
endothelial H,O, production, because DCF reacts with
H,0,, peroxynitrite, and hypochlorous acid (13). Second,
we were unable to find smaller arterioles, owing to the
limited spatial resolution of our charge-coupled device
intravital microscope. With an intravital camera with higher
resolution, we would be able to observe coronary vasodila-
tion of smaller arterioles. Third, we were unable to deter-
mine whether H,O, is produced by shear stress or cardiac
metabolism. This point remains to be elucidated in a future

study.

Conclusions

We were able to demonstrate that endogenous H,0, plays
an important role in pacing-induced metabolic coronary
vasodilation in canine coronary microcirculation in vivo and
that there are substantial compensatory interactions among
NO, H,0,, and adenosine to maintain metabolic coronary
vasodilation, which is one of the most important mecha-
nisms for cardiovascular homeostasis in vivo.

Reprint requests and correspondence: Dr. Toyotaka Yada, De-
partment of Medical Enginecring and Systems Cardiology,
Kawasaki Medical School, 577 Matsushima, Kurashiki, Okayama
701-0192, Japan. E-mail; yada@ine.kawasaki-m.ac jp.
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Yada T, Shimokawa H, Morikawa K, Takaki A, Shinozuaki Y,
Mori H, Goto M, Ogasawara Y, Kajiya F. Role of Cu,Zn-SOD in the
synthesis of endogenous vasodilator hydrogen peroxide during reactive
hyperemiu in mouse mesenteric microcirculation in vivo. Am J Physiol
Heart Cire Physiol 294: H441-H448, 2008. First published November
16, 2007; doi:10.1152/ajpheart.01021.2007.—~We have recently demon-
strated that endothelium-denved hydrogen peroxide (H2O3) 1s 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 H20»
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,
N%-monomethyl-L-arginine (L-NMMA) alone, and L-NMMA + cata-
lase. Vasodilatation 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 enhanciny effect of Tempol was
decreased by catalase. Vascular HO» producton by fluorescent
microscopy in mesenteric arterioles after RH was significantly in-
creased in response (o 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 H2O; that contributes to RH
mouse mesenteric smaller arterioles.

nitric oxide; endothelium-derived hyperpolarizing factor; arteniole;
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

Address for ceprint requests and other correspondence: Toyotaka Yada,
Dept. of Medical Engineering and Systems Cardiology. Kawasaki Medical
School, 577 Matsushima, Kurashiki, Okayama 701-0192 Japan (e-mail:
yada@me kawasaki-m.ac jp).
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have been proposed (9), including cytochrome P-450 metabo-
lites (2. 3). endothelium-derived K* channel (7), and elecuical
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 (H207) is a primary EDHF in mesenteric arteries
of mice, pigs, and humans. Morikawa et al. (24a, 25) subse-
quently confirmed that endothelial Cuw/Zn-superoxide dis-
mutase (SOD) plays an important vole in synthesizing EDHF/
H20; 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 mechanoseusitive (e.g..
myogenic and shear mediated) and metabolic regulatory pro-
cesses may be involved (6, [4a, 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
(PGI,, 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
s0, whether endothelial Cu,Zn-SOD plays a role in the synthe-
sis of endogenous H,0, during RH. The present study was thus
designed 10 address these important issues in mice. Our labo-
ratory (42, 44) previously reported that the contribution of
EDHEF 1o 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 4 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 Kuawasuki Medical School und the

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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H442
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
(1016 wk of age) derived from breeding pairs of heterozygous
(Cu,Zn-SOD*/7) mice (Jackson Laboratory, Bar Harbor, ME) were
used (25). They were placed on a heating blanket to maintain body
tewperature at 37°C throughout the experiment. The animals were
anesthetized with 1% inhalational anesthesia of isoflurane. After
tracheal intubation, they were ventilated with a mixwure 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 microscope.
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 0.5 pm for X600 magnification. The field of view is
367 X 248 pm, and the focal depth is SO pn

Measurements of regional blood flow in mesenteric arteries. Re-
gional blood flow in mesenteric arteries was measured by the nonra-
dioactive microsphere (15 wm; Sekisui Plastic, Tokyo, Japan) tech-
nique at the end of the experiments, as previously described (24).
Briefly, a bolus (50 1) 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 H20: 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 H,O» 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 un optimal cutting {emperatare
compound (Tissue-Tek; Sukura 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 tluorescence 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 H30, fluorescent dye. The
fluorescence data at baseline (both DCF-DA and DAR) were obtained
after the RH.

Experimental protocol. We performed four protocols. Firsi, 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
cyctooxygenase blockade [indomethacin, 5 X 107% mol/l topical
administration (ta)] with the following four conditions: control, catalase
alone [1,500 U-min™"-100 g body wt ™" intra-arterial administration (ia)
polyethylene glycol-catalase, a specific decomposer of H,0-), NO syn-
thase inhibitor alone (1074 mol/ ta 1-NMMA), und 1-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 after 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-tctramethylpi-
peridine-N-oxyl (50 wg-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 +
-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; 1077 to 107 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 f{ollowed by the
Scheffé’s post hoc test for muldple 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,, Pcos, and pH were
maintained within the physiological ranges (>70 mmHg Po,
25-40 mmHg Pco,, and pH 7.35-7.45). Baseline mesenteric

Control Citaluse -NMMA L-NMMA + Cutaluse
n B RH B RH B RH B RH
MBP, RH 20, mmHg
wT 10 837 859 - 8157 82+7 828 8§16 RS 82:+6
Cu/Zn-SOD™"~ ' 10 8512 K710 838 R2+ 8 828 218 82:£8 R0+9
MBP, RH 60, nunHg
WT 5 86*8 8§87 87%7 88+7 888 877 88*7 87+7
Cw/Zn-SOD~ '~ 5 88+ 8 86:£8 87+6 LU R ¥8t7 38+ 8 LU ) 9=11
HR, RH 20, beats/min .
WT i0 346+ 14 34814 33515 333817 3i5:x15 310+17 330+ 18 33018
Cu/Zn-SOD~/~ 10 364+27 35422 350+ 18 351%15 355%15 34017 355+15 33517
HR, RH 60, beats/min
WT 5 351+31 36149 353:+21 35613 358+ 10 36437 35422 35515
Cuw/Zn-SOD™~ 5 34618 356+25 35615 A6iri9 3513 361%9 358+ 10 36427

Values are means = SE; i, number of rats. RH, reactve hyperemia; L-NMMA
vate; WT, wild-type.
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Table 2. Hemodynamics during administration of ACh and SNP

SNP

Tempol + Calalase

Tempol

Conirol

SNP 10~"  SNP 10-*

SNP 10~

ACh 107 ACh 10™% ACh 1077  ACh 10~ ACh 10~F ACh 10~ ACh10~®* ACh10~% B

ACh 1077

B

MBP. mmHg

76

76x13
511

o

+
t~
™~

1

86*8
S8:¥

86+8

91+8
918

84x11

90=11

91=10

=6

89
97

877
94210

88+7

90%7

10
10

WT

+11

E it}

9816 9715 9915

=10

2*10

Cu/Zn-SOD ™'~

HR. beats/min
wT

351+3)

351=3]

o
2

36437

v

+i

370
372

330%27

~)

+i

32019 330

33625
77

336=25

3

342224

340*17
39613

34017 340*17

361+9

10

346+18

8x10

5

35625 356%25 *21 3696

*22

-

-
2

7715

38611

38124 371%21

386*11

10

CwZn-SOD~/~

Cu,Zn-SOD AND REACTIVE HYPEREMIA

Values are means * SE: n. number of rats. SNP._ sodium nitroprasside: ACh, acetylcholine.
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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-sensiive 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 t-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 (o
catalase (137 * 4%, 20 s; and 147 * 17%, 60.5) 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,0; release was significantly
increased in the control condition and was significantly
decreased by catalase.

Endothelium-dependent vasodilatation. In mesenteric arte-
rioles of wild-type mice, endothelium-dependent vasodilata-
tion to ACh (1077 to 1075 molAl in the presence of indomethacin
and L-NMMA) was unchanged with Tempol but significantly
inhibited by the addition of catalase (Fig. 3). In contrast, in the
mesentetic 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 vasodilataiion. Endothelium-in-
dependent vasodilatation to SNP (1077 to 107° mol/l in the
presence of L-NMMA + catalase) was comparable between the
two strains (Table 4).

Detection of H;0; and NO production in the mesenteric
artery. Fluorescent microscopy with DCF-DA showed that
vascular H>0: 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-SQD ™/~
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>Oa, which is substantially involved in the mechanisms
of RH-induced vasodilatation in mouse mesenteric circulation.

Impaired EDHF-mediated vasodilatation in Cu,Zn-SOD™’~
mice in vivo. Matoba et al. (19a, 20) have previously identitied
that endothelium-derived H-0» is an EDHF in mouse and
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Table 3. Diumeter change during RH

. R A LA v Y wEL R R it

Cu,Zn-SOD AND REACTIVE HYPEREMIA

Cunuol Catslaxe L-NMMA L-NMMA + Cutaluse
B RH B RH B RH B RH
RH 20, pm
wT 36:x4 49+ 4% 364 44+ 4% 36+3 4243* 364 38+3
Co/Zn-SOD~ 7~ 36t 4 48+ 5% Int4 42+ 5% 364 384 363 3844
RH 60, pm
wT 40+4 554+t 40+4 51*4% 40*+5 47 x4%* 39+4 41x4
Cu/Zn-SOD~ "~ 40+3 5641 40+3 51*47% 39+4 42+3 40x5 4243

Values are means = SE; n, number of arterioles per animal. P < 0.01 vs.

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. HoO» can be formed from superoxide anions
derived from several sources in endothelial cells, including endo-
thelial NO synthase (eNOS), cyclooxygenase, ipoxygenase, 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 H,O;, in mouse and human mesenteric arteries in vitro.
In the present study, catalase or .-NMMA alone signifi-
cantly, but not completely, inhibited the RH-induced vasodi-
latation of mesenteric arterioles in wild-type mice in vivo,
whereas t-NMMA -+ catalase markedly attenuated the remain-
g vasodilatation. In contrast, in Cu,Zn-SOD™" mice, L-
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,O 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 swress. Miura et al. (23) also
showed the important role of endogenous H-O» in flow-
induced vasodilatation of human coronary arterioles. Koller
and Bagi (14a) also suggested that H,O, 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,O0,
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 HyO, in mouse mesenteric atterioles
in vivo.

Compensatory vusodilator mechanism between H,0, and
NO. Ttis 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 (41a, 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
L-NMMA (Fig. 1). The RH-induced increase in blood flow (in
the presence of indomethacin and L-NMMA) was significanly
inhibited by catalase in the wild-type mice but not in Cu,Zn-
SOD™/~ mice (Fig. 2). RH-induced increase in bloed flow (in
the presence of indomethacin and L-NMMA) remained in
Cu,Zn-SOD™"" mice (Fig. 2). H»0, may compensate for the
loss of action of NO. H;0, 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 SNFP

ACh SNP
B ACh 1077 ACh 1076 ACh 1075 B SNP 1077 SNP (0~° SNP 1075
WT. pm 3613 443 4534 49141 354 39t 4% 43:& 5% 4615¢
CwWZn-SOD™/~, pm 364 38*4 41x4% 4441 344 38*47 41*4% 44+ 4%

Values are means  SE; n, number of arterioles per animal. *P < 0.05; 1P < 0.0] vs. B.
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Fig. 1. Mesenteric vasodilatation during reactive hyperemia (RH). In the wild-type (WT) mice, vasodilatation during RH was inhibited by catalase or
NS-monomethyl-L-arginine (L-NMMA) and further inhibited by L-NMMA + catalase. In the Cu,Zn-SOD ™~ wice (Cu,Zn-SOD /), vasoditatation during RH
was inhibited by catalase and markedly inhibited by L-NMMA, and the remaining response was not inhibited by catalase. The nurber of arterioles per aniinals

used was 10/5 for each group. *P <.0.05; **P < 0.0(.

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
spontancously 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>O: 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 Cu,Zn-

SOD™/~ mice, .-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, elc., 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). H2O5 produced from vascular smooth muscle
cells and other tissues may also contribute to the residual
vasodilation (5, 30). Third, the conuibution of other proposed

RH (20 s) RH (60 s)
k& *%
500 - — *k 1 500 - [ % )

° 4 Txx_ N T
8 1 1
o ... 4004 400 - : ; :
o 32 Fig. 2. The increase in mesenteric blood
E ; N . flow during RH. In the presence of indo-
t 300 4 300 4 methacin and L-NMMA, RH-induced in-
2o crease in bluod flow was sensitive to catalase
QE’ E - E in the WT mice, whereas in the Cu,Zn-

2 SOD™/~, the vasodilation was significantly
£ -; 200 200 teduced in control and was inseasitive to
2 o e . catalase. The number of animals used was 5
8= for each group. **P << 0.01.
5 100 100
£ J

0
Control Catalase Control Catalase Control Catalase Control Catalase
wT Cu,Zn-SOD" wT Cu,Zn-50D™"
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Fig. 3. Endothelium-dependent relaxations
o ACh. In the WT mice, cadothelium-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 catalase. In the
Cu,Zn-SOD~/~. the vasodilation was signif-
icantly enhanced with Tempol, where the
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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.

Endotheliwm-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)

Cu,Zn-SOD" (ACh)

Fig. 4. Detection of vascular H202 production. Vascular H>0; production in mesenteric arterioles was significantly increased in response to ACh in WT mice

WT (HE)

Fluorescent Intensity

Acetylcholine (-log mol/lL})

that vasodilatation properties of vascular smooth muscle cells
were preserved in the Cu,Zn-SOD ™/~ mice in vivo.
Detection of vascular HO; and NO production. Our labo-
ratory (41a) has recently demonstrated that vascular production
of H,O; 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). Tn the present
study, vascular H,O, production, as assessed by DCF-DA fluo-
rescent intensity in mesenteric arterioles, was markedly impaired

WT (ACh)

o B
WT WT Cu,Zn-SOD*

(Baseline) (ACh) (ACh)

but markedly impaired in Cu,Zn-SOD~/~. The number of arterivles per animals used was 10/5 for each group. *P < 0.05. HE, Hematoxyhn 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 1o ACh in
WT mice and unaltered in Cu,Zn-SOD ™~ The number of artertoles 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 H205.

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 HyQ),, although there are still many
uncertainties about the local cellular dynamics of superoxide
anions and NO.

Sturdy limitations. Several limitations should be mentioned
for the present study. First, we estumated 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 H,0; 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,0; during RH
in vivo.
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Abstract
Aim: Although ouabain modulates autonomic nerve ending function, it is
uncertain whether ouabain-induced releasing mechanism differs between in

vivo sympathetic and parasympathetic nerve endings. Using cardiac dialysis,

we examined how ouabain induces neurotransmitter release from autonomic
nerve ending. A

Methods: Dialysis probe was implanted in left ventricle, and dialysate nor-
adrenaline (NA) or acetylcholine (ACh) levels in the anaesthetized cats were
measured as indices of neurotransmitter release from post-ganglionic auto-
nomic nerve endings. 7
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: Quabain-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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