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at room temperature. The blots were then incubated with
horseradish peroxidase-conjugated goat anti-rabbit 1gG
(0.08 ug/ml, Santa Cruz Biotechnology). The antibody
was visualized using an enhanced chemiluminescence
method (ECL; Amersham Biosciences, Piscataway, NJ,
USA). The integrated density of the eNOS bands was
normalized by actin band density (relative density) (NTH
Image).

Regional blood flow and infarct size

To confirm infarct size reduction by edaravone in
relation to the effect of collateral flow, regional MBF
was assessed by non-radioactive microspheres (Sekisui
Plastic Co., Ltd., Tokyo), as previously described (17).
Briefly, 1 ml of the microsphere suspension (2 to 4 x 10
spheres) was injected into the left atrium 85 min after
the onset of coronary occlusion. MBF was measured by
assessing X-ray spectra of the fluorescent stable heavy
elements using a wavelength-dispersive spectrometer
(model PW 1480; Philips Co., Ltd., Eindhoven, the
Netherlands). Myocardial collateral flow (ml/min per
gram) was calculated using the following formula:
tissue flow-rate = tissue counts x (reference flow / refer-
ence counts).

Myocardial short-axis slices (5-mm-thickness) of the
left ventricle were made and incubated in 1% 2,3,5-
triphenyltetrazoliumchloride solution (Sigma, Tokyo)
for 10 min to identify the infarct area. Infarct size was
expressed as a percentage of the infarct area relative to
the area of risk (18).

Statistical analysis

Data are expressed as the mean + S.E.M. The vascular
response was analyzed by one-way analysis of variance
followed by a Scheffe’s post-hoc test for multiple
comparisons (Figs. 1C, 2, 3, and 4). Regression analysis
was applied in Fig. 5. Statistical significance was
defined as P<0.05.

Results

Hemodynamics

Hemodynamic data are shown in Table 1. Mean
arterial pressure and heart rate during administration
of acetylcholine and papaverine were not statistically
different as compared to their respective baseline.
Hemodynamic variables at baseline did not significantly
change before and after I/R nor after edaravone
administration.

Endothelium-dependent vasodilation

We assessed the diameter changes of 22 coronary
microvessels under acetylcholine (1 ug/kg, i.c.) in each
group. The diameter changes of small artery and
arteriole in each group are depicted in Fig. 1, A and B.
Under control conditions (without edaravone), 1/R
strikingly impaired endothelium-dependent vasodilation
at 60 min after I/R. Meanwhile, edaravone administra-
tion augmented the response in coronary microvessels of
both sizes. Preservation of vasodilation under acetyl-
choline was more prominent in the small artery than the
arteriole. Coronary flow in the presence of acetylcholine
was improved after 1/R in the edaravone-adminstered
group compared with that in the controls (without
edaravone) (Fig. 1C).

ROS intensity in coronary microvessels

Fifteen coronary microvessels (<300um) were
assessed from both the LAD and LCX areas in both
groups (Fig.2). ROS fluorescent intensity at 60 min
after I/R in the microvessels from the LAD area in the
control group was higher than in the LCX area (P<0.01),
Meanwhile, ROS intensity in the microvessels from the
LAD area of the edaravone group was significantly
lower than that in the control group (P<0.01).

Intensity of NO in coronary microvessels

Fluorescent intensity of NO in the endothelial layer
was assessed semi-quantitatively in 15 microvessels
from the LAD or LCX areas in both groups 60 min after

Table 1. Hemodynamics data before and afer ischemia/reperfusion
Before I/R After I/R
Baseline Acetylcholine Papaverine Baseline Acetylcholine Papaverine
Mean blood pressure (mmHg)
Control 91+4 9016 91 +4 B9+4 89+5 8745
Edaravone 92+2 91 +4 90+3 9343 91%5 90+4
Heart rate (beats/min)
Control 1235 1253 126 +4 12044 1225 120+ 5
Edaravone 124 +4 12646 1235 123 +4 1215 120+ 4
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fluorescence image of ROS in the vessels. **P<0.01.

I/R (Fig.3). In the LAD area of the control group
(without edaravone), I/R reduced the microvascular NO
intensity level as compared to the LCX area (P<0.01).
Administration of edaravone significantly preserved NO
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Fig. 1. Endothelium-dependent vasodilation in coronary microvessels in vivo. Edaravone administration augmented the
vasodilation of small arteries (A) and arterioles (B) and improved coronary flow (C) under acetylcholine after 1/R. Number of
small arteries and arterioles assessed were 10 and 12, respectively. *P<0.05, **P<0.01. B = baseline, ACh = acetylcholine.
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Fig. 2. In situ detection of ROS in coronary microvessels after
I/R. The fluorescent intensity of ROS in microvessels from each
area is shown (n= 15, in each area) with their representative DHE-

Fig.3, In situ detection of NO in coronary microvessels after
I/R. Fluorescent intensity of NO in microvessels from each area is
shown (n= 15, in each area) with their representative DAF2-DA
fluorescence image of NO in the endothelial layer (white arrow).
**P<0.01.
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Fig. 4. eNOS protein immunoblotting after I/R. Edaravone admin-
istration augmented myocardial eNOS expression after I/R in the
ischemic area. *P<0.05.
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Fig. 5. Correlation of regional collateral flow and infarct size in the
control and edaravone groups. **P<0.01.

fluorescent intensity in microvessels of LAD relative
to the control group (P<0.01).

Myocardial eNOS expression

Myocardial eNOS protein expression in the LAD
distribution after I/R was significantly decreased rela-
tive to the LCX area in the control group (without
edaravone, P<0.05, Fig. 4). Edaravone augmented eNOS
protein expression in the LAD area (P<0.05 vs controls).

Collateral flow and infarct size

There were linear negative correlations between
regional collateral MBF and infarct size in the control
(y=-60X +48, r=096, P<0.001) and edaravone
(y=-46X + 21, r=0.91, P<0.001) groups, which were
significantly different between the 2 groups (P<0.01,
Fig. 5). This finding indicated that the protective effect
of edaravone was independent of collateral flow.

Endothelium-independent vasodilation

Endothelium-independent vasodilation with papa-
verine (1 mg, i.c.) was comparable under all conditions
(Fig. 6). Administration of edaravone did not result in
any significant diameter changes in small arteries and
arterioles under papaverine after I/R.

Discussion

The present study revealed that edaravone preserves
endothelium-dependent vasodilation in coronary small
arteries and arterioles after I/R injury on the beating
canine heart in vivo by reducing ROS and thereby
augmenting NO availability in the microvessels. To our
knowledge, the present study is the first to report that
edaravone exerts protective effects on the coronary
microvascular endothelial function after I/R on the
beating heart in vivo.

Scavenging ROS by edaravone during ischemia/reper-
Sfusion

Generation of ROS during I/R has been shown
through several mechanisms such as the xanthine
oxidase, mitochondrial electron transport chain, and
NADPH oxidase pathways (10). In the present study, we
revealed that edaravone scavenged ROS generated in
coronary microvessels during 1/R (Fig.2). Previous
studies have shown other beneficial effects of edaravone
such as inhibition of the production of superoxide anion
on the infarct rim (14), suppression of lipid peroxidation
products (19), and reduction in inflammatory changes
(20).

The burst of vascular ROS production following 1/R
led to endothelial dysfunction, which may have occurred
as a result of hypoxic injury, manifested by endothelial
cell swelling that results in the no reflow phenomenon
within the first minutes of reperfusion (21). The ROS
may also rapidly react with NO to form a toxic peroxy-
nitric radical (i.e., ONOO") that further increases free
radical accumulation resulting in endothelial injury (9).
If the ischemia lasts for hours, structural changes such as
edematous mitochondria in endothelial and smooth
muscle cells, microvili formation on the surface of
endothelial cells, and increased pinocytic activity and
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disturbed tight junctions between endothelial cells may
be found by electronmicroscopical examination (21).
With edaravone administration, NO bioavailability in
the ischemic area endothelial layer of microvessels was
significantly augmented (Fig.3). In other settings,
edaravone has also been shown to improve peripheral
flow-mediated dilatation in smokers (22). Taken
together, free radical scavenging by edaravone in the
vessels results in preservation of NO availability and
thereby maintains endothelial function, which is crucial
for the cardiovascular system in both the short-term
and long-term.

Edaravone preserves nitric oxide and eNOS

We have previously shown that endothelium-
dependent vasodilation by acetylcholine would increase
NO release in coronary circulation, indicating the central
role of NO (23). However, the regulation of coronary
vascular tone may be mediated, not only by NO, but also
by the endothelium derived hyperpolarizing factor
(EDHF) and adenosine (24). Yada et al. have demon-
strated that endogeneous H;0;, an EDHF, and rho-
kinase inhibition mediated coronary vasodilation to a
greater extent in arterioles than in small arteries (7, 8,
24), In the present study, preservation of endothelium-
dependent vasodilation by edaravone was noted to a
greater extent in the small arteries (Fig. 1). These facts
revealed various mechanisms and ’site-specific’ action
of different drugs or agents in the coronary circulation.
These also indicated a predominant role of NO in small
arteries, as opposed to arterioles. Taken together, the

pendent vasodilation in coronary microvessels before and after I/R. The vasodilation is comparable

protective effects of NO and EDHF in coronary micro-
vessels during I/R may occur in a compensatory
manner.

Most of the NO production in the normal heart is
accounted for by the presence of nitric-oxide synthase
(eNOS) in the coronary endothelium and myocardium.
Impaired NO synthesis from eNOS is a mechanism of
endothelial dysfunction in the post-ischemic heart. The
present study demonstrated reduced eNOS protein
expression in the ischemic myocardium after I/R,
whereas  edaravone administration preserved the
expression (Fig. 4). Previous studies from our institution
have also demonstrated a decrease in eNOS protein
expression in ischemic myocardium following I/R
(7, 8). An in vitro study in HUVEC has shown that
edaravone may increase eNOS expression via the
inhibition of LDL oxidation (25). Thus, the burst of ROS
generation during I/R may cause cell injury that results
in reduced eNOS production, and edaravone administra-
tion preserves the eNOS expression.

Myocardial protection by edaravone

The present study confirmed the protective effect of
edaravone on the myocardial cell (13) and revealed
that the cardioprotective role of edaravone during I/R
was irrespective of transmural collateral flow to the
ischemic area (Fig.5). It has been hypothesized that
maintenance of endothelium-dependent dilation of
coronary microvessels could enhance reperfusion
damage and reduces the amount of tissue necrosis (26).
Thus, preservation of microvascular endothelial function
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by edaravone probably contributed to the improvement
in myocardial perfusion, thereby facilitating myocardial
tissue preservation after [/R.

In the present study, we administered edaravone prior
to coronary occlusion because ROS generation may
occur during occlusion and after reperfusion. Wu et al.
have shown a protective effect of edaravone on the
myocardium when it was administered during coronary
occlusion or after reperfusion (27). Thus, we presumed
that preservation of endothelial function by edaravone
may also be observed if it is administered during
occlusion or after reperfusion. Nevertheless, further
study is needed to confirm these issues.

Conclusions

In conclusion, edaravone exerts beneficial protective
effects on coronary microvessels by preserving endo-
thelial function after I/R in vivo. These effects are
attributed to the ROS scavenging properties of edara-
vone and involves an NO-mediated mechanism.
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Abstract Russell's viper venom factor X activator (RVV-X) isa
heterotrimeric with 2 mammalian ADAM-like
heavy chain and two lectin-like light chains. The crystal structure
of RVV-X has been determined at 2.9 A resolution and shows a
hook-spanner-wrench-like architecture, in which the metallopro-
teinase/disintegrin region constitutes a hook, and the lectin-like
domains constitute a handle. A 6.5 nm separation between the
catalytic site and a putative exosite suggests a docking model
for factor X. The structure provides a typical example of the
molecular evolution of multi-subunit proteins and insights into
themkmlnhﬁso(tugﬂmopﬂtumlmulphhy
ADAM/
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1. Introduction

Blood coagulation factor X is a serine proteinase and is one
of the key components of the hemostatic system [1]. In circula-
tion, factor X exists as a zymogen and is converted to an active
form, factor Xa, by cleavage of a single peptide bond between
Arg194 and Ile195. This removes the heavily glycosylated first
52 amino terminal residues (AP: active peptide) of the heavy
chain, resulting in exposure of the active site. Factor Xa in turn
converts prothrombin to thrombin, which ultimately leads to
formation of hemostatic plugs.

Venom from Russell's viper, Daboia russelli, has been recog-
nized for its potent coagulation activity. Russell’s viper venom
factor X activator (RVV-X) is a well-characterized metallopro-
teinase which specifically activates factor X by cleaving the
same Arg-Tle bond in factor X that is cleaved by factors IXa
and VIIa during physiological coagulation [2,3]. RVV-X be-
longs to the P-IV class of snake venom metalloprotcinases
[4] and consists of a heavy chain of 57,600 Da and two light
chains of 19,400 and 16,400 Da, linked by disulfide bonds
[2,5.6]. The 427-residue heavy chain contains the metallopro-

*Corresponding author. Fax: +81 6 6872 7485,
E-mail address: stakeda@ri.ncve.go jp (S. Takeda).

Abbreviations: RVV-X, Russell's viper venom factor X activator;
ADAM, a disintegrin and metalloproteinase; MDC, metalloprotein-
ase/disintegrin/cysteine-rich; HVR, hyper-variable-region; PEG, poly-
ethyleneglycol

teinase (M)/disintegrin (D)/cysteine-rich (C) domains [4,7] that
are shared by the (ADAM) (a disintegrin and metalloprotein-
ase)adamalysin/reprolysin family proteins. ADAMs are mem-
brane-anchored glycoproteins that can proteolytically release
cell-surface-protein ectodomains, including cell adhesion mol-
ecules, growth factor precursors and their receptors, and have
been associated with numerous diseases including rheumatoid
arthritis, Alzheimer's disease, heart disease, and cancer [8.9].
The light chains of RVV-X share amino acid sequence homol-
ogy with mammalian C-type (Ca*-dependent) lectins and C-
type lectin-like proteins (CLPs) isolated from various snake
venoms [7,10]. RVV-X is one of the best examples of an exog-
enous activators used in coagulation research and has also
been frequently used in diagnostic applications [2]. However,
the molecular mechanism by which RVV-X recognizes and
cleaves factor X is poorly understood, primarily due to the
lack of three-dimensional structural information.

We recently determined the three-dimensional structure of
the metalloproteinase/disintegrin/cysteine-rich (MDC) do-
mains of ADAM/adamalysin/reprolysin family protein VAP1
and suggested a potential protein—protein interaction site that
may function in specifying target proteins [11]. Among the
family proteins, RVV-X is unique in having CLP domains
within the molecule and a strict substrate specificity. To extend
our understanding of the protein-protein interactions and tar-
get specificity of this family of proteins, we determined the
crystal structure of RVV-X. Here, we report the crystal struc-
ture of RVV-X at 2.9 A resolution and present a factor X
docking model.

2. Materials and methods

RVV-X was purchased from Enzyme Research Laboratories Inc.
and was further punﬁcd using a CM Hi-Trap column (GE healthcare
Bio-Science Corp.) in the presence of GM6001 (N-{(2R)-2-(hydroxam-
idocarbonyllethyl)-4-methylpentanoyl}-L-tryptophan methylamide
(CALBIOCHEM)). Crystals were obtained by the muag drop vapor
diffusion method. Droplets were p d by mixing 1 pl of p
solution and 1 u! of reservoir soh:uun 01M calmlm acetate, 0.1 M
sodium cacodylate, 10% PEG8000, pH 6.5) supplemented with one
fifth volume of 10% PEG3350 and were equilibrated against 1 ml of
reservoir solution at 293 K, typically for onec week, Crystals were
soaked in reservoir solution supplemented with 15% MPD (2-
methyl-2,4-pentandiol) prior to flash eryo-cooling under a stream of
nitrogen gas at 100 K.

The diffraction data st was acquired using the SPring-8 beamline
BL41XU at a wavelength of 1.0 A at 100 K. Ttwbestcwstalgcnmtad
a data set with a 2.9 A resolution (Table 1), The asymmetric unit con-
tained one RYV-X molecule. The RVV-X structure was solved by the

molecular replacement method using scarch models constructed from
acutolysin-C (1QUA), catrocollastatin/VAP2B (2DWO0), and f1X-bind-
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Table |
Data collection and refinement statistics
Crystal 1

Data collection
Space group P2,2,2,
Cell dimensions

a, b, c (A) 70.4, 91.7, 152.9

a f,y ), 90, 90, 90
Resolution (A) 50-2.9 (3.0-2.9)
Ryerge” 0.069 (0.212)
lial 17.0 (7.0)
Completeness (%) 96.4 (79.5)
Redundancy 6.3(5.9
Refnement

Resolution (A) 44.6-2.91 (3.0-2.91)

No. reflections 21482 (1661)
Ruock IRt 0.218/0.273
No. atoms
Protein 5300
Zn™* 1
Cca*™ 5
carbohydrate 106
GM6001 28
R.m.s deviations _
Bond lengths (A) 0.0045
Bond angles (7) 1.12

Highest resolution shell is shown in parenthesis,

*Rnerge = Sona2od (kD) — (I (HIK)IS a3 (hk]), where T{hkl) is the
ith intensity measurement of reflection hk! and (/(hlk)) is its average.
® Ruvark = 20 Fotl = [Feasd VS| Fotl.

“Rfiee = R-value for a randomly sclected subset (5%) of the data that
were not used for minimization of the crystallographic residual.

ing protein (IX-bp, 1J34), for the M, C and CLP domains, respectively.
The final model includes amino acid residues 7-422 of the heavy chain,
1-59 and 64-133 of light chain-A (LA) and 3-123 of light chain-B (LB),
and was refined to a resolution of 2.9 A (Table 1), The overall resolu-
tion is not particularly high when compared to those of the other snake
venom protein structures, most likely due to the relatively high solvent
content of the crystal (~60%) and the flexible modular architecture of
the MDC domains [12]. However, well-determined structural models
for most sub-domains generated the electron-density maps that enable
us to build a reliable model. The overall B-factor is_relatively high
(average B-factor of the total protein atoms is 72.2 A%) and the elec-
tron-densities associated with the charged side-chains located on the
molecular surface (61 aa corresponding to 9% of the total model of
672 aa) are not clearly observed, however, almost all of the side-chains
inside the molecule are defined in the final electron-density maps
(Fig. 1B and C). Details of preparation, crystallization and structural
analysis are described in the Supplementary information.

3. Results and discussion

3.1. Overall structure of RVV-X

The overall structure of RVV-X resembles a hook-spanner-
wrench configuration, where the major portion of the heavy
chain forms a hook and the remaining heavy chain portion
and the light chains form a handle (Fig. 1A). The backbone
structure of the heavy chain is essentially the same as each
monomer of VAPI [11] and catrocollastain/VAP2B [12], with
the exception of the sub-domain orientations (Fig. 1D and
E). There are direct, but less-specific interactions between the
M and C domains, most likely resulting from crystal packing
forces, such that the entire RVV-X MDC domain forms a
closed C-shape structure, unlike the open C-shaped structures
of VAPI and catrocollastain/VAP2B, The M domain of RVV-
X has a flat elliptical shape with a core formed by a five-
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stranded f-sheet and five a-helices and contains the conserved
Zn**-binding HEXXHXXGXXHD sequence (residues 145-
156) and a “Met-tern” (Met169) bearing the typical structural
features of the metzincin family of metalloproteinases [13].
RVV-X has a fourth disulfide bridge (Cys27-Cys63)
(Fig. 1B), in addition to the three conserved disulfide bridges
(Cys120-Cys200, Cysl60-Cys184 and Cys162-Cys167) [4] in
the M domain. The M domain is followed by the D and C do-
mains, which are further divided into shoulder (D,), arm (D,),
wrist (C,) and hand (C,,), scgments, and the entire heavy chain
folds into a C-shaped structure (Fig. 1A). The heavy chain
contains three structural Ca**-binding sites and a number of
disulfide bridges (9 and 5 in the D and C domains, respectively)
that are highly conserved among the ADAM/adamalysin/repr-
olysin family proteins [11,12].

The two homologous light chains have a fold similar to the
carbohydrate-recognition domain (CRD) of rat mannose bind-
ing protein (MBP) [14], but they form an intertwined dimer
where the central portion of each chain projects toward the
adjoining subunit (Fig. 1A). The light chains are related by a
pseudo 2-fold axis which is perpendicular to the long axis of
the light chain dimer.

3.2. (HVR)-mediated protein-protein interaction

RVV-X has a unique cysteine residue (Cys389) in the middle
of the hyper-variable-region (HVR, residues 373-394) in G, a
putative protein-protein interaction site for this family of pro-
teins [11]. Cys389 forms a disulfide bond with the C-terminal
cysteine residue (Cys133) of LA (Fig. 1A and C). Aside from
this inter-chain disulfide bridge, Tyr346, Tyr347, and Met385
in the heavy chain form multiple hydrophobic interactions
and hydrogen bonds with Tyrl1, Phel2, and Prol31 in LA,
which further stabilize the continuous Cu/LA structure
(Fig. 1C). Most of these residues involved in the interaction be-
tween Cy, and LA are not conserved among ADAMs [11,12] or
among other CLPs [10]. The RVV-X structure represents the
first example of HVR-mediated protein-protein interactions
by the ADAM/adamalysin/reprolysin family proteins.

3.3. Light chains

Both the overall structure and the surface features of the
RVV-X light chains are quite similar to those of the factor
X-binding protein (X-bp) from Deinagkistrodon actus venom
(the r.m.s. deviation of the 240 equivalent Cx atoms is 2.6 .3.)
determined in complex with the y-carboxyglutamic acid
(Gla) domain of factor X [15] (Fig. 2A and B). X-bp has strong
anticoagulant activitics because it binds to the Gla domain of
factor X and inhibits its membrane-anchoring function [16].
The hydrophobic residues that are critical for the membrane-
anchoring function of factor X (Phe4, LeuS and Val8) interact
with the hydrophobic patch formed by the hydrophobic resi-
dues (Metl13, Tlel14 and Alall5) of the B chain in X-bp
[15]. Those residues are conserved in RVV-X (Phel 14, Tlel 15
and Alall6 of LB) (Fig. 2B). The positively charged patches
on X-bp that directly interact with the Gla residues in factor
X are conserved, but, are less prominent in RVV-X because
of amino acid substitutions (especially, Tle101 and Glul04)
(Fig. 2B). The structural similarities between the RVV-X light
chains and X-bp suggest the intriguing possibility that RVV-X
recognizes the factor X Gla domain through an exosite,
formed by the light chains (Fig. 2C).
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Fig. 1. Structure of RVV-X. (A) Ribbon structure of RVV-X in sterco. Bound calcium and zinc ions are represented by black and red spheres,
respectively. The carbohydrate moieties (in green) linked to asparagine residues and GM6001 (in magenta) are shown in ball-and-stick
representations. 2F, — F clectron-density maps (1.0¢) around the disulfide bridge between Cys27(HC) and Cys63(HC), and between Cys389 (HC)
and Cys133 (LA) are represented in (B) and in (C), respectively. The HC and LA residues are labelled in black and in red, respectively. (D)
Superimposition of the Cy, segment of the RVV-X heavy chain (in pink) with that of the VAPI monomer (chain-A in 2ERO, in yellow), and with that
of the catrocollastatin/VAP2B (chain-A in 2DWO, in cyan) in sterco. The bound zinc and calcium atoms in RVV-X arc shown as red and black
spheres, respectively. The zinc atoms in VAP! and eatrocollastain/VAP2B arc shown as green and blue spheres, respectively. (E) Superimposition of
the M domain of the RVV-X heavy chain with the M domains of the VAP] monomer and catrocollastatin/VAP2B.

When a properly folded Gla domain is absent from factor X,
the rate of factor X activation by RVV-X is markedly dimin-
ished. In the acarboxy factor X, in which Gla formation has
been blocked by a vitamin K antagonist [17] or the Des (1-44)
factor X [18], factor X activation occurs at less than 1% of the
rate of native factor X. Activation of factor X by RVV-Xis dra-

matically enhanced by millimolar Ca**, which induces a confor-
mational change in the Gla domain that enhances its binding to
RVV-X[19]. Moreover, RVV-X catalyzed factor X activation is
inhibited by X-bp [7]. Collectively, these observations suggest
that the concave cleft created between the two light chains in
RVV-X may function as an exosite for factor X-binding.
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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 (1TOD). The Gla residues and the
Ca®* ions arc 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 RVY-X light chains in
complex with the Gla domain that was positioned based on the X-bp/
X 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. Tlel95 (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
(IXKA) 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, Ilel95, is buried within the protein [20]. However, in
the zymogen, the intact Argl94-Tlel95-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 GM600] 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 Tle195 of factor
Xa are 16 A apart. Intrinsic hinge motions of the modular M/
DJD,/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
Arg194-Tle195 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 cxplain 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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Appendix A. Supplementary data

The atomic coordinates and structure factors have been
deposited in the NCBI protein data bank with the accession
code 2E3X. Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/j.febs-
let.2007.11.062.
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Objectives We examined whether endogenous hydrogen peroxide (H,0,) Is Involved in pacing-induced metabolic vasodila-

tion In vivo.

Background We have previously demonstrated that endothell
tor in coronary In vive. H

sodilation in vivo remains to be examined.

derived H,0, Is an endothell ived hyperpolarizing fac-
, the role of endogenous H,0, in metabolic coronary va-

Methods Canine subepicardial small coronary arterles (=100 um) and arterioles (<100 um) were continuously observed
bya pe under cyclooxygenase blockade (Ibuprofen, 12.5 mg/Kg Intravenous [IV]) (n = 60). Experiments
were performed during palred right ventricular pacing under the following 7 conditions: control, nitric exide (NO)
synthase inhibitor (N*-monomethyl-L-arginine [L-NMMA|, 2 jumol/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), B-sulfophenyltheophylline (SPT) (an
adenosine receptor blocker, 25 pg/kg/min for 5 min IC), LNMMA + catalase, L-NMMA -+ tetraethylammonium
{TEA) (Kg,-channel blocker, 10 ug/kg/min for 10 min IC), and L-NMMA + catalase + B-SPT.

Results Cardlac tachypacing (60 to 120 beats/min) caused coronary vasodilation In both-sized arterles under control
conditions In response to the increase in rdial oxygen ption. The metabolic coronary vasodilation
was decreased after L-NMMA In subepicardial small arterles with an | d fluor t Hy0, production com-
mmmmmmp.mmlmmmmmmﬂmofm foles with an | d fluores-
cent NO production compared with the L-NMMA group, and B-SPT also decreased the vasodilation of arterioles.
Furth , the metaboll y vasodilation was markedly attenuated after LNMMA + catalase,

L-NMMA +TEA, and L-NMMA +catalase+ B-SPT In both-sized arteries.

Conclusions These results Indicate that endogenous H,0, plays an Important role In pacinginduced metabolic coronary vaso-
dilation In vivo. () Am Coll Cardiol 2007;50:1272-8) ® 2007 by the American College of Cardiology

Foundation

Cardiac tachycardia by pacing or exercise increases myocar-
dial oxygen consumption (MVQ,) 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), prostacyelin (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
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(9), or EDHF (10). Matoba et al. have previously identified
that endothelium-derived hydrogen peroxide (H,O,) is a

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,0, is involved as an EDHF in the flow-induced
vasodilation of isolated human coronary arterioles in vitro,
We have recently confirmed that endogenous H,0, 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,0, in mice (20). However, the role of endog-
enous H,0, in metabolic coronary vasodilation in vivo
remains largely unknown. In the present study, we thus
examined whether H,O, 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 V8600, 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 (LLAD) 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 needle-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,0, and NO
production in coronary microvessels, respectively, as previ-
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Abbreviations
and Acronyms

CBF = coronary blood flow
DAR = diaminorhodamine-

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 mm‘ :
Chemical, Tokyo, Japan). Fluo- E:.;*“m
rescent images of the microves-  giscatate

sels were obtained 3 min after  gpur = endothelium-
application of acetylcholine  derived hyperpolartzing

(ACh) by using a fluorescence  factor
microscope (OLYMPUS BXS1,

Tokyo, Japan) (17). LNMMA =
Experimental protocols. After  Nmonomethyt-Langinine
the surgical procedure and in-  LAD = ieft antertor
strumentation, at least 30 min  Yescending coronary artery
were allowed for stabilization ~ MV, = myocardial oxygen
consumption

while monitoring hemodynamic
variables. Coronary vasodilator
responses were cxamined 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, 1V) to evaluate the
role of H,0, 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
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H,0; into water and oxygen); 4) adenosine receptor blockade
alone (8-sulfophenyltheophylline [8-SPT], 25 pg/kg/min IC
for 5 min); 5) catalase plus L-NMMA; 6) catalase plus
tetracthylammonium (TEA) (10 pg/kg/min IC 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
um) and arterioles (<100 pm) 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 sct as a
dependent variable (y) and vascular size as an explanatory
variable (x), while the statuses of control and other inhibi-

-,

=41

tors were sct as dummy variables (D1, D2) in the following
equation: y = a0 + alx + a2D1 + a3D2, where a0 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 criterion for
statistical significance was at p < 0.05.

Resuits

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 bascline
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
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B Control pacing

D Catalase+pacing

E Fluorescent intensity

Relative intensity
[
A

-

o

-

m Detection of H,0, Production With DCF Fluorescent Method

Hydrogen peroxide (H,0;) production was unaltered after N®monomethyl-L-arginine (L-NMMA) but was markedly gunpﬂ!sseﬂ I:w
catalase. Number of arterioles /animals used was 5/5 for each group. *p < 0.05, **p < 0.01. DCF

2°,7"-dichi

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-
onary arteries, 5 = 1%; arterioles, 14 = 2%) (Fig. 2A) with
decreased coronary venous pO, (TahIc 2). The metabolic
coronary vasodilation was significantly decreased after
L-NMMA in small coronary arteries (3 = 1%) but not in
arterioles (14 + 29%), 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

100pm

C L-NMMA+pacing

B Control pacing

[D Catalase+pacing

E Fluorescent intensity

44 e

Relative intensity
X w

-

m Detection of NO Production With DAR Fluorescent Method

Nitrie oxide (NO) production was unaltered after catalase but was

A .”' NCI
(L-NMMA), Number of anterioles /animals used was 5/5 for each group. 'p < 0.05, **p «

thyl-L-arginine
< 0,01. DAR = diaminorhodamine-4M AM.,
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Tabie 1 mmmmammmwmmmmcmmu
Control LANMMA (L) (Cat) BSPT L+Cat L+TEA L4+ Cat 4+ B-SPT
Smail anery
n (vessein/dogs) 12/10 12/10 o5 /8 13/10 12/10 12/10
Rest (um) 1277 1258 127+8 126 + & 126=7 1236 124 = 7
Cardiac pacing (um) 134 - 7* 129 = Tt 132 + §* 131 ¢ 8* 129747 124 + 8 123+ 6
Arteriole
n {vessale dogs) 12/10 12/10 W5 9/5 12/10 12/10 12/10
Rest (um) 7+8 73:6 71+5 71:5 72:86 748 T72+8
Cardiac pacing (um) 85 : 5% B2 = 5* 7= 6t 77T =6t 77 = 5t =28 73=8

Results are expreased a8 mean * SEM. *p < 0.04, 1p < 0.05 versus rest.
LNMMA - N Loarginine, SPT - TEA =

Detection of H,0, and NO production. Fluorescent
microscopy with DCF showed that cardiac tachypacing in-
creased coronary H,0, 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 catalasc 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,0, plays an important role in pacing-induced metabolic

Hemodynamic Status at Rest and During Cardiac Pacing

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;0,;-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,0; is an
EDHF in mouse (11) and human (12) mesenteric arteries
and pig coronary microvessels (24). Morikawa et al. also

Control L-NMMA (L) (Cat) BSPT L+Cat L+TEA L+Cat+858PT

n (dogs) 10 10 -1 5 10 10 10
SBP

Rest (mm Hg 135+ 14 135 = 14 114 = 9 1238 e8=9 999 96 =8

Cardiac pacing 137 = 14 136 = 14 126 = 12 130=7 100=9 100+ 8 W3=9
MiaP

Rest (mm Hg) 117 = 10 117 = 10 98 =8 "|=s B9 = 10 90 = 10 BT*9

Cardiac pacing 124 =9 120 = 13 107 £ 10 1107 91 =10 92 10 92 =10
oP

Rest 8,100 + 845 8,100 = 845 6,855 = 527 7,350 = 312 5,880 + 537 5910 = 527 5,730 = 478

Cardiac pacing 16,440 =~ 1.718% 15320 * 1.680* 15,000 + 1.423* 15630 = 778* 11940 = 11.029* 12,000 * 1,011* 12,300 = 1,078~
cvPo,

Rest (mm Hg) 20+1 17+ 1 16=1 i7+1 18 = 1¢ 15 = 1t 14 = 1t

Cardiac pacing 14 = 1* 11 =1* 44+ 3+ 12 = 1+ 10 = 1*¢ 10 = 1+t 9= 1%¢
mvo,

Rest (ul0y/min/g) TJo=2 662 672 73=65 B2:+5 B1x5 60=6

Cardiac pacing 171 = 4 168 = 2¢ 158 = 12% 168 = 13% 133 = At 130 = 181 95 * 9*§
CBF

Rest (ml/min/g) 0.66 = 0.06 0.63 = 0.06 0.66 = 0.03 0.66 = 0.01 059 = 0.08 0.62 = 0.05 051 = 0.04

Cardiac pacing 148 = 0.32% 146 = 0.063 136 = 0.02¢ 140 = 0.01% 122 = 0011% 124 = 0421% 0.96 = 00748

Results are sxpressed as maan = SEM. *p < 0.05 versus at rest. Tp < 0.05 versus cantrol $p < 0.01 versus rest. §p < 0.01 versus control

CHF = coronary blood flow; CVPO, = coronary venous pOy: DP = double product: MBP = mean biood

sbbreviations as in Table 2.

L rdlal axygen SAP - wystolic biood pressure: olher
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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 arterics. 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 caralase decreased
the vasodilation of arterioles but not that of small
arterics, and the coronary vasodilation was markedly
attenuated after L-NMMA +catalase (Fig. 2). These
findings indicate that NO and H,0, 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 -0, 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,0, 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-50D 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,O, 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,0O, 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" ypp-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 + caralase + 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,0,, 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,0, with fluorescent
microscopy with DCF, we were unable to quantify the
endothelial H,0, 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 1mportanl: mecha-
nisms for cardiovascular homeostasis in vivo.
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