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Figure 7. The time course of changes in left ventricular ejection fraction (LVEF) (A), left ventricular end-diastolic dimension (LVEDD) (B), and left
ventricular end-diastolic pressure (LVEDP) (C) in different experimental groups. Statistically significant (p < 0.05) group-by-time interactions (analysis
of variance for repeated measurements) are indicated by the following: # = all groups; 8 = control X EPO(0) group; & = control X EPO(6h) group; § =
EPO(0) X EPO(6h) group. (D) Infarct size at 4 weeks after myocardial infarction in different experimental groups. Open circles = infarct size in each

animal. *p < 0.05 versus the control group. EPO = erythropoietin.

In conclusion, in addition to its acute effect on infarct
size reduction, EPO may exert chronic cardioprotective
effects through neovascularization and may be a useful
adjunct for the treatment of patients with myocardial
infarction,
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1. Introduction
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Haemorrhagic snake venoms contain factors that induce apoptosis

specifically in cultured vascular endothelial cells (Araki er al., 1993).
Received 11 May 2006 The vascular apoptosis-inducing proteins VAP1 and VAP2 were
Accepted 12 june 2006 originally isolated from the venom of the western diamondback
rattlesnake Crofalus atrox (Masuda er al., 1997, 1998) and similar
apoptotic toxins (VAPs) have been isolated from other snake venoms
(Masuda et al., 2001; You et al., 2003; Trummal et al., 2005). VAPl isa
disulfide-bonded homodimeric protein with a molecular weight of
110 kDa and an isoelectric point of 8.5. VAP2 is an acidic single-chain
protein with a molecular weight of 55 kDa and an isoelectric point of
4.5 (Masuda et al., 1997, 1998). VAP1 (Masuda et al., 2000) and VAP2
(S. Masuda, H. Hayashi & S. Araki, in preparation) are modular
metalloproteinases with nucleotide-sequence homology to genes
encoding the mammalian membrane-anchored metalloproteinases
known as ADAMs. ADAMs are an emerging class of metallo-
proteinases whose function has been implicated in cell-cell and cell-
matrix adhesion and signalling. They also appear to be associated
with numerous diseases including arthritis, Alzheimer’s disease and
cancer (White, 2003; Blobel, 2005; Seals & Courtneidge, 2003; Moss &
Bartsch, 2004; Duffy et al, 2003).

Viperidae snake venoms contain a number of metalloproteinases,
the snake-venom metalloproteinases (SVMPs), that induce local and
systemic haemorrhage by disrupting the wall of the blood vessels in
envenomed patients (Gutierrez et al., 2005). All known VAPs belong
to the P-III class of SVMPs, which have been shown to be the most
potent haemorrhagic toxins from snake venoms. The P-III SVMPs
have a modular structure conmsisting of metalloproteinase (M),
disintegrin (D) and cysteine-rich (C) domains (Fox & Serrano, 2005).
SVMPs and ADAMs are members of the reprolysin group of
zinc-dependent metalloproteinases, which together with astasins,
serralysin and matrix metalloproteinases comprise the metzincin
superfamily of metalloproteinases (Bode et al., 1993). All these
enzymes share a signature consensus zinc-binding motif,
HEXXHXXGXXH, in their catalytic region that defines proteins of
the class, as well as a methionine-containing turn that serves as a
structural base for the three active histidine residues (Bode et al.,

1993).
© 2006 International Union of Crystallography The crystal structures of several SVMPs of the P-1 class, which
All rights reserved contain only an M domain, and of isolated domains of ADAMs have
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Table 1
Data-collection statistics for VAP1 crystals.

Values in parentheses are for the highest resolution shell. For each data sct, a single
crystal was used for mcasurement.

Form 1-] Form 1-2

Space group P4,2,2 F2,242
Unit-cell parameters

a (A) 93.9 86.7

b (A) 93.9 933

¢ (A) 2448 137.7

a=B=y (%) 90 90
Beamline (detector) BLASPX (Rigaku Jupiter) BL45PX (Rigaku R-AXIS V)
Wavclength (A) 0.98 1.0

Resolution (A)
No. of unique reflections

50-2.50 (2.59-2.50)
38868 (3773)

50-2.50 (2.59-2.50)
38926 (3800)

Ruerget 0.084 (0.380) 0.072 (0.369)
Ho(I) 18.7 (7.1) 14.4 (2.9)
Completencss (%) 99.7 (99.6) 99.4 (98.8)
Redundancy 127 3.9

No. of molecules in ASU 1 1

Matthews value (A*Da~") 2.5 25

Solvent content (%) 51 51

T Rinerge = Dy 2o HilhkD) — (KDY /3 0 5 1,(hKL), where T(hkl) is the ith intensity
measurement of reflection ikl and (/(hkl)) is its average,

been determined. However, structures of SVMPs or ADAMs
containing M, D and C domains have not been determined. To
understand more about the structure of P-III SVMPs and ADAMs
and how it relates to the molecular mechanism of VAP-induced
apoptosis, we initiated the crystallographic analysis of VAP1 and
VAP2. This is the first report of the crystallization and preliminary
X-ray analysis of apoptotic SVMPs. Three-dimensional crystal
structures of VAP1 derived from the two distinct crystal forms
described in this report have recently been described (Takeda et al.,
2006); the structural analysis of VAP2 is ongoing.

2. Methods
2.1. Purification

VAPI1 and VAP2 were purified as described previously (Maruyama
et al., 2005; Masuda et al, 1998) with some modifications. Briefly,
crude C. atrox venom (Sigma-Aldrich, USA) was dissolved in buffer
containing 10 mM Tris-HCl pH 7.0 and 10 mM NaCl and then
applied onto a CM-Sepharose (Amersham Bioscience, USA) cohumn
equilibrated with the same buffer. VAP2 was eluted from the column
with the above buffer, whereas VAPl was eluted with buffer
containing 10 mM Tris-HCI pH 7.0 and 50 mM NaCl.

The VAPI was further purified on a hydroxylapatite column. The
VAP1-containing CM-Sepharose fraction was first diluted with an

equal amount of distilled water and then applied onto a hydroxyl-
apatite column equilibrated with 25 mM sodium phosphate pH 7.0.
VAP was eluted using buffer containing 50 mM sodium phosphate
pH 7.0 and then concentrated using an Amicon Ultra membrane
(Millipore} with a nominal molecular-weight limit (NMWL) of
50 000 Da. The final protein concentration was 6.5 mg mi™. During
the concentration step, the buffer was replaced with 10 mM Tris-HCl
pH 7.0.

The VAP2-containing CM-Sepharose fraction was loaded onto a
Resource Q (GM Healthcare) column equilibrated with 10 mM Tris-
HCl pH 8.0 and 50 mM NaCl and then eluted with a gradient of NaCl.
55 kDa molecular-weight fractions, which were eluted at about
130 mM NaCl, were pooled and concentrated by Amicon Ultra with a
30000 NMWL membrane. The final protein concentration was
3.8 mg mi~! in buffer containing 10 mM Tris-HCl pH 8.0

2.2, Initial crystallization screen

Initial screening for appropriate crystallization conditions for
VAP1 and VAP2 was carried out using the sitting-drop vapour-
diffusion method and Crystal Screen (Hampton Research, USA),
with or without 63 pg mi™ (almost twice the molar protein concen-
tration) of the hydroxyamate inhibitor 3-(N-hydroxycarboxamide)-
2-isobutyl-propanoyl-Trp-methylamide (GM6001, Calbiochem) in
the protein solution. A volume of 0.3-0.5 i protein solution was
mixed with an equal amount of reservoir solution and droplets were
allowed to equilibrate against 0.1 ml reservoir solution at 293 K.

2.3. Diffraction data collection

Crystals were cryoprotected, mounted in a nylon loop (Hampton
Research, USA) or in a Lytho Loop (Protein Wave Corp., Japan) and
immediately exposed to a stream of nitrogen gas at 100 K to flash-
freeze the samples. The preliminary X-ray data were collected using
an in-house X-ray diffractometer (Rigaku Micromax-007 X-ray
generator with R-AXIS VII imaging-plate detector) and crystals that
diffracted well were selected for data acquisition using the beamlines
at SPring-8. All diffraction data sets were collected using undulator
beamlines (BL41XU, BL45XU) at 100 X and diffraction images were
processed using the HK L2000 software (Otwinowski & Minor, 1997).

3. Results
3.1. VAP1 crystals

3.1.1. Crystallization. VAP1 was reproducibly crystallized in two
distinct crystal forms. Crystals were injtially obtained using Crystal

Figure 1
VAP crystals. (¢) Form 1-1. (b) Form 1-2. The scale bars indicate (.1 mm.

Acta Cryst. (2006). F62, 688-691
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Table 2
Data-collection statistics for VAP2 crystals.

Values in parentheses are for the highest resolution shell. For cach data set, a single crystal was used for measurement. .

Form 2-1 Form 2-2 Form 2-3 Form 2-4 Form 2-5

GM6001 + + + + -
Space group P2, P2,2;2, P4, P6;22 (3
Unit-cell paramelters

a (A) 56.9 57.7 60.7 156.8 220.7

b(A) © 1380 1182 60.7 156.8 795

¢ (A) 592 138.5 257.9 95.6 58.7

o (?) 90 90 90 90 90

B () 915 90 90 90 91.7

y () 90 90 90 120 90
Beamline (deteclor) BL41XU (ADSC Quantum 310R CCD detector)
Wavelength (A) 1.0 1.0 1.0 1.0 1.0
Resolution (A) 50-2.15 (2.23-2.15) 50-2.50 (2.59-2.50) 50-320 (3.31-3.2) 50-3.80 (3.94-3.80) 50-2.70 (2.80-2.70)
No. of unique reflections 48664 (4428) 33288 (2925) 15097 (1437) 7169 (682) 26911 (2313)
Rmerget 0.081 (0.196) 0.089 (0.321) 0.091 (0.360) 0.117 (0397) 0.085 (0.231)
lis(l) 9.8 (4.6) 103 (3.7) 10.9 (4.0) 8.4 (6.5) 10.1 (5.5)
Completeness (%) 98.1 (89.5) 98.6 (88.4) 99.5 (95.7) 99.8 (99.9) 95.9 (82.5)
Redundancy 33 6.5 7.0 192 3.4
No. of molecules in ASU 2 2 2 1 2
Matthews value (A* Da™") 24 24 25 3.1 2.7
Solvent content (%) 49 49 50 60 54

1 Reerge = Ly 2oi iUkl — (hKDY /3 g Yo 1(kT), where J(hkT) is the ith intensity measurement of reflection ikl and (J(ikl)) is its average.

Screen solution No. 46, but these crystals diffracted poorly. Subse-
quently, droplets were prepared by mixing 1 pl protein solution and
1 reservoir solution containing 15% PEG 8000, 0.1 M sodium
cacodylate pH 6.5 and then equilibrated against 1 ml reservoir solu-
tion. Within a couple of weeks, using the hanging-drop method,
improved tetragonal crystals (form 1-1; Fig. 1a) were obtained.
Orthorhombic crystals (form 1-2; Fig. 1b) were obtained using
Additive Screen (Hampton Research, USA). The droplet was made
by mixing 0.3 pl protein solution and 0.3 pl reservoir solution

Figure 2 .
VAP2 crystals. (a) Form 2-2, (b) form 2-3, (¢) form 2-4 and (d) form 2-5 crystals. The
scale bars indicate 0.1 mm.

supplemented with one-fifth of the volume of 0.1 A cobalt(1l)
chloride (Additive Screen solution No. 4). The best crystals were
obtained using the sitting-drop method after equilibration for 3 d
against 0.1 m! of the same reservoir solution used to obtain form 1-1
crystals.

3.1.2. X-ray analysis. For X-ray measurements, crystals of either
crystal form were soaked in a solution containing 15% PEG 8000, 5%
methanol, 20% xylitol and 0.1 M sodium cacodylate pH 6.5 for
cryoprotection prior to flash-freezing. X-ray diffraction data were
obtained by the oscillation method using beamline BL.45XU and an
oscillation angle of 0.75° per image. Data sets were collected using a
CCD detector (Rigaku Jupiter) for crystal form 1-1 or an imaging-
plate detector (Rigaku R-AXIS V) for crystal form 1-2. The unit-cell
parameters and the data statistics for the two crystal forms are
sumimarized in Table 1. The structures were determined at 2.5 A
resolution by the molecular-replacement method using the P-I SVMP
acutolysin-C (PDB code 1qua) as a starting model (Takeda et al.,
2006). The coordinates and the structure factors have been deposited
in the PDB (2erq for form 1-1 and 2ero for form 1-2 crystals).

3.2. VAP2 crystals

3.2.1. Crystallization. Five distinct crystal forms of VAP2 were
analyzed by X-ray diffraction. The initial screening for VAPZ crystals
was performed in the presence and absence of the inhibitor GM6001.

In the presence of GM6001, Crystal Screen solution No. 10 yielded
crystals. With this as a starting condition, the pH of the mother liquor,
the PEG concentration and molecular weight and the species and
concentrations of salts and additives were optimized and four distinct
crystal forms were obtained (forms 2-1, 2-2, 2-3 and 2-4). These four
forms were only obtained in the presence of GM6001 and were never
obtained in its absence. Monoclinic (form 2-1) and .orthorhombic
(form 2-2; Fig. 2a) forms were obtained by the sitting-drop method
under identical conditions as follows: droplets were made by mixing
0.5 pl protein solution with 0.5 pl reservoir solution containing 30%
PEG 8000, 0.1 M ammonium acetate, 0.1 M sodium cacodylate pH 6.5
and were equilibrated against 0.1 ml reservoir solution. Tetragonal
form crystals (form 2-3; Fig. 2b) were obtained by adding a one-tenth
volume of 1 M potassium chloride (Additive Screen solution No. 16)

690
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to the mother liquor and using a reservoir solution containing 30%
PEG 8000, 0.1 M ammonium acetate, 0.1 M sodium acetate pH 4.6
with the same drop and reservoir volumes described above. Hexa-
gonal crystals (form 2-4; Fig. 2c) were obtained by the hanging-drop
method using 1ml of a reservoir solution containing 20% PEG
20000, 0.2 M calcium acetate, 0.1 M sodium cacodylate pH 6.5. The
droplet was made by mixing 1 pl protein solution and 1 ul reservoir
solution supplemented with a one-fifth volume of 0.3 M glycyl-glycyl-
glycine solution (Additive Screen solution No. 34).

In the absence of GM6001, crystals were obtained with Crystal
Screen solution No. 46, but these crystals yielded poor diffraction
data. To improve the quality of the crystals, several additives were
screened. Monoclinic crystals (form 2-5; Fig. 2d) were obtained by
adding a one-tenth volume of 40% n-propanol solution (Additive
Screen solution No. 90) to the reservoir solution (final composition
4% n-propanol, 16.2% PEG 8000, 0.18 M calcium acetate, 0.09 M
sodium cacodylate pH 6.5). A mixture of 0.5 ul protein solution and
0.5 ul reservoir solution was equilibrated against 0.1 ml reservoir
solution. These form 2-5 crystals were only obtained in the absence of
GM6001 and were never obtained in its presence.

3.2.2 X-ray analysis. The mother liquors of the form 2-2 and 2-3
crystals were suitable for freezing; all others were first cryoprotected.
For form 2-1 and 2-4 crystals, 20% glycerol was added to the reservoir

solution for cryoprotection. For form 2-1, the cryogenic solution was -

added gradually to the crystal droplet in order to avoid cracking
induced by osmotic shock. Crystal form 2-5 was rinsed in a solution
containing 15% PEG 8000, 5% methanol, 20% xylitol and 0.1 M
sodium cacodylate pH 6.5 and then immediately flash-frozen at
100 K. Because these crystals were extremely thin and fragile, they
were mounted in a LithoLoop, an etched Mylar film, to prevent
bending of the crystal.

All diffraction data sets for the VAP2 crystals were acquired using
the oscillation method and beamline BL41XU (the oscillation angle
was'1.0° for all data sets) at a wavelength of 1.0 A and data were
collected using an ADSC Quantum 310R detector. The unit-cell
parameters and statistics for the data sets are summarized in Table 2.
The estimated number of molecules in the asymmetric unit for each
crystal form was obtained by a preliminary molecular-replacement
method using MOLREP from the CCP4 suite (Collaborative
Computational Project, Number 4, 1994) and the metalloproteinase

(M) and cysteine-rich (C) domains of VAP1 (Takeda ef al., 2006) as
the starting models. Structural analyses of these crystals along with
the molecular-replacement phases are ongoing.

We thank Mariko Tomisako for her help in crystallization experi-
ments and the staff of SPring-8 for assistance with data acquisition.
This work was partly supported by Grant Nano-001 for Research on
Advanced Medical Technology from the Ministry of Health, Labour
and Welfare of Japan and by grants from the Takeda Science Foun-
dation, from the Kao Foundation for Arts and Science and from the
Senri Life Science Foundation.
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Abstract

Although electrical vagal stimulation exeits beneficial effects on the ischemic heart such as an antia
norepinephrine (NE) and acetylcholine (ACh) releases in the ischemic myocardium remains unknown.

ischemic region during vagal stimulation, we examined ischemi

wwhythmic effect, whether it modulates
To clarify the neural modulation in the

a-induced NE and ACh releases in anesthetized and vagotomized cats. In a contro}

group (VX, n=8), occlusion of the left anterior descending coronary artery increased myocardial intesstitial NE level from 0.46£0.09 to

83.2£17.6 nM at 30-45 min of ischemia (mean#SE). Vagal stimulation at 5 Hz (VS, n=
during the ischemic period and suppressed the NE release to 24.4+ 10.6 nM (£ <0.05 fro

8) decreased heart rate by approximately 80 beats/min
m the VX group). Fixed-rate ventricular pacing (VSP,

n=38) abolished this vagally mediated suppression of ischemia-induced NE release. The vagal stimulation augmented ischcmia-inducedJ ACh

release at 0-15 min of ischemia (VX: 11.1£2.1 vs. VS: 20.7+3.9 nM, P£<0.05). In the VSP group,

the ACh release was not augmented. In

conclusion, vagal stimulation suppressed the ischemia-induced NE release and augmented the initial increase in the ACh level. These modulations
of NE and ACh levels in the ischemic myocardium may contribute to the beneficial effects of vagal stimulation on the heart during acute

myocardial ischemia.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Acerylcholine; Coronary occlusion; Ventricular pacing

Introduction

Acute myocardial ischemia disrupts normal neural regula-
tion of the heart (Armour, 1999). During prolonged ischemia,
myocardial interstitial norepinephrine (NE) and acetylcholine
(ACh) levels are increased in the ischemic region via local
releasing mechanisms independent of efferent autonomic
activities (Schémig et al., 1987; Lameris et al., 2000; Kawada
et al., 2000, 2001). The excess NE release is thought to
aggravate ischemic injury to the myocardium (Schdmig et al.,
1987). On the other hand, vagal stimulation exerts antiarrhyth-
mic effects in the early phase of acute myocardial ischemia
{Rosenshiraukh etal., 1994; Vanoli et al,, 1991). A recent study

* Corresponding author. Tel.: +81 6 6833 5012x2427; fax: +81 6 6835 5403.
E-mail address: 1orukawa@res.ncve.go.jp (T. Kawada).

- 0024-3205/8 - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.115.2005.05.087

from our laboratory demonstrated that vagal stimulation
improved the survival rate of chronic heart failure after
myocardial infarction in rats (Li et al., 2004), suggesting a
long-term ameliorative. effect of direct neural interventions
against certain heart diseases.

With respect to electrical stimulation of the vagus, whether
it alters myocardial interstiial NE and ACh levels in the
ischemic region during acute myocardial ischemia remains
unknown. To test the hypothesis that vagal stimulation
increases the ACh level and suppresses the NE level in the
ischemic region, we measured myocardial interstitial NE and
ACh levels during acute myocardial ischemia in anesthetized
cats using a cardiac microdialysis technique (Akiyama et al,,
1991, 1994; Yamazaki et al, 1997). Effects of vagal
stimulation were examined with or without fixed-rate ven-
tricular pacing.
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viaterials and methods

This investigation conforms with the Guide for the Care and
Use of Laboratory Animals published by the US Natjonal
Institutes of Health (NTH Publication No. 85-23, revised 1996).

Surgical preparation

Twenty-four adult cats weighing from 2.2 to 3.8 kg were
anesthetized by an inwaperitoneal injection of pentobarbital
sodium (30-35 mg/kg) and ventilated mechanically with
room air mixed with oxygen. The depth of anesthesia was
maintained with a continuous intravenous infusion of pento-
barbital sodium (1-2 mg kg=' h™!) through a catheter
inserted from the right femoral vein to the inferior vena cava.
Systemic arterial pressure (AP) was monitored from a catheter
inserted from the right femoral artery into the abdominal
aorta. Heart rate (HR) was detertnined from an electrocardio-
gram using a cardiotachometer. Esophageal temperature of the
animal was measured using a thermometer (CTM-303,
TERUMO, Japan) and was maintained at around 37 °C using
a heated pad and a lamp.

Bilateral vagal nerves were sectioned through a midline
cervical incision. With the animal in the lateral position, the left
fifth and sixth ribs were resected to expose the heart, A dialysis
probe was implanted, using a fine guiding needle, into the
" anterolateral free wall of the left ventricle perfused by the left
anterior descending coronary artery (LAD). A 3-0 silk suture
was passed around the LAD just distal to the first diagonal
branch for later coronary occlusion. When an experimental
protocol required electrical stimulation of the vagal efferent
nerves, bipolar platinum electrodes were attached to the cardiac
end of sectioned vagal nerves bilaterally. The nerves and
electrodes were covered with warmed mineral oil for insula-
tion. When an experimental protocol required cardiac pacing,
bipolar stainless-steel wire electrodes were sutured at the left
ventricular apex away from the implanted dialysis probe.
Heparin sodium (100 U/kg) was administered intravenously to
prevent blood coagulation, :

In additional four anesthetized cats, the left ventricle was
implanted with a dialysis probe and a pair of pacing electrodes
to examine the effects of left ventricular pacing alone on the
myocardial interstitial NE levels. The dialysis probe and pacing
leads were placed in the same manner as described in the
previous paragraph.

Atthe end of the experiment, the experimental animals were
killed with an overdose of pentobarbital sodium. Postmortem
examination confirmed that the dialysis probe had been
implanted within the left ventricular myocardium.

Dialysis technique

The materials and properties of the dialysis probe have been
previously described (Akiyama et al., 1991, 1994). Briefly, we
designed a transverse dialysis probe. A dialysis fiber (13 mm
length, 310 pm O.D., 200 um ID.; PAN-1200, 50,000
molecular weight cutoff, Asahi Chemical, Japan) was glued

833

at both ends to polyethylene tubes (25 cm length, 500 um O.D.,
200 um I.D.). The dialysis probe was perfused at a rate of 2 ul/
min with Ringer solution containing the cholinesterase
inhibitor eserine (100 uM). Dialysate sampling was initiated
2 h after implanting the dialysis probe, when the dialysate
concentrations of NE and ACh had reached steady states
(Akiyama et al, 1991, 1994). The actual dialysate sampling
lagged behind a given collection period by 5 min taking into
account the dead space volume between the dialysis membrane
and the sample tube. Dialysate concentrations of NE and ACh
were measured separaiely by high performance liquid chroma-
tography with electrochemical detection (DTA-300, Eicom,
Japan). Details of the NE and ACh measurements have been
previously described (Akiyama et al,, 1991, 1994).

Protocols

Protocol 1 (VX, n=8§)

As a control experiment, we measured ischemia-induced NE
and ACh releases during 60-min LAD occlusion in vagoto-
mized animals. After collecting a 15-min baseline dialysate
sample, we occluded the LAD for 60 min and collected four
consecutive 15-min dialysate samples during acute myocardial
ischemia. We then loosened the LAD snare and collected a 15-
min dialysate sample during reperfusion.

Protocol 2 (VS, n=28)

We examined the effects of vagal stimulation on ischemia-
induced NE and ACh releases. To avoid possible precondition-
ing mimetic effects of ACh released by vagal stimulation
(Przyklenk and Kloner, 1995; Kawada et al, 2002a), we
initiated the bilateral vagal stimulation (5 Hz, | ms in pulse
duration and 10 V in pulse amplitude) at the onset of LAD
occlusion. The vagal stimulation continued for the 60-min
ischemic period and the 15-min reperfusion period.

Protocol 3 (VSP, n=38)

To eliminate the effects of bradycardia associated with vagal
stimulation, we performed vagal stimulation under fixed-rate
pacing conditions. We initiated the bilateral vagal stimulation
(5 Hz, 1 ms in pulse duration and 10 V in pulse amplitude) and
paced the heart from the onset of LAD occlusion to the
conclusion of the experimental period. The ventricular pacing
rate was set close to the HR recorded immediately before the
LAD occlusion.

Supplemental protocol (n=4)

To examine the effects of left ventricular pacing on the
myocardial interstitial NE levels, we collected 15-min dialysate
samples under control conditions as well as under left
ventricular pacing at 170 beats/min.

Statistical analysis
All data are presented as means# SE values. In each group,

the effects of LAD occlusion on dialysate concentrations of NE
and ACh were examined using a repeated-measures analysis of
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variance followed by a Dunnett test against respective baseline
concentrations. Because the variance of NE data was very large
and increased with mean, the NE data were compared after the
logarithmic transform (Snedecor and Cochran, 1989). Differ-
ences were considered significant at P<0.05. To examine the
effects of vagal stimulation with or without the ventricular
pacing, dialysate concentrations of NE and ACh were
compared among the three groups at each corresponding time
period using one-way analysis of variance followed by a
Student-Newman-Keuls test for all pairwise comparisons
(Glaniz, 2002). The NE data were compared after the
logarithmic transform. Differences were considered significant
at P<0.05. Heart rate and mean AP were determined
immediately before the coronary occlusion (designated as time
0), after 5, 10, 15, 30, 45, and 60 min of the occlusion, and
after 15 min of reperfusion. One-way analysis of variance
followed by a Student—Newman—Keuls test was also applied
to compare HR and mean AP among the three groups at each
ume point.

Results

Fig. | depicts LAD occlusion-induced myocardial intersti-
tial NE accumulation within the ischemic zone. The inset
shows the NE levels during baseline conditions in a magnified
ordinate. In the VX group, LAD occlusion increased the NE
level approximately 200 fold compared to the baseline level at
45-60 min. This occlusion-induced NE accumulation was
significantly suppressed in the VS group compared with the
VX group in 15-30, 30—45, and 45—~60 min time periods. The
difference between the VS and VX groups did not reach
statistical significance at the reperfusion period. In the VSP
group, in which HR was kept constant, vagal stimulation did
not attenuate the occlusion-induced NE accumulation. In the
supplemental protocol, the baseline myocardial interstitial NE
level was 0.17£0.01 nM. The NE level during ventricular
pacing at 170 beats/min was 0.21+0.09 nM.
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Fig. 1. Coronary occlusion-induced norepinephrine (NE) accumulation in the
ischemic myocardium. VX: vagoiomy, VS: vagal stimulation, VSP: vagal
stimulation with ventricular pacing. The inset shows the baseline conditions
with a magnified ordinate. Data are means+SE, ‘£ <0.01 and P <0.05 from
.the corresponding baseline value in each group. 'P<0.01 and *P <0.05 by all
pairwise comparisons among the three groups.
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Fig. 2. Coronary occlusion-induced acetyicholine (ACh) accumulation in the
ischemic myocardium. Data are meansSE. 1P<0.01 and P <0.05 from the
comesponding baseline value in each group. *P<0.05 by all pairwise
comparisons among the three groups.

Fig. 2 shows LAD occlusion-induced myocardial interstitial
ACh accumulation within the ischemic zone. In the VX group,
LAD occlusion increased the ACh level approximately 20
times higher than the baseline level at 45-60 min. The ACh
level at 0~ 15 min was significantly higher in the VS than the
VX group. For the rest of the ischemic period and reperfusion
period, the differences between the VS and VX groups were
not significant. The ACh levels in the VSP group did not differ
from the VX group for any of the sampling periods.

Fig. 3 summarizes changes in HR and mean AP. In the VS
group, HR was decreased by approximately 80 beats/min
compared with the VX group at 5 min of coronary occlusion.
The HR decrease continued for the rest of the ischemic period
and reperfusion period. In the VSP group, HR was keptclose to
the preocclusion level, and it did not differ from the VX group
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Fig. 3. Time courses of heart rate (HR) and mean arterial pressure (AP) during
60-min ischemia and [S-min reperfusion. The baseline values obtained just
before coronary occlusion are plotted at time 0. Data points for VX and VSP
groups are slightly displaced along the time axis for better view of overlapping
points, Data are means*SE. In the HR data, 11 represents statistical
significance of P<0.01 from both the VX and VSP groups by all pairwise
comparisons. In the AP data, when two characters are added to the VSP data
paint, the first and second characters represent the statistical significance from
VX and VS groups, respectively. *, 1, and n designate £ <0.05, P<0.01, and
“not significant™, respectively.
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for all the time points. Mean AP did not differ statistically
between VX and VS groups. Mean AP in the VSP group
progressively decreased and became significantly lower than
the VX group after 15 min of the ischemic period. Mean AP in
the VSP group was also significantly lower than the VS group
after 45 min of the ischemic period.

Discussion

We have shown that electrical vagal stimulation suppressed
ischemia-induced NE release and enhanced an initial increase
i the ACh levels in the ischemic myocardium. Fixed-rate
pacing abolished the suppression of ischemia-induced NE
release by vagal stimulation in the present experimental
settings.

Effects of vagal stimulation on ischemia-induced NE release

Several mechanisms can be put forward to explain the
suppression of ischemia-induced myocardial interstitial NE
release by vagal stimulation. First, activation of presynaptic
muscarinic receptors on the sympathetic nerve endings
inhibits the exocytotic NE release under normal physiological
conditions (Levy and Blattberg, 1976). However, the presyn-
aptic inhibition is unlikely the mechanism underlying the
vagally mediated suppression of the ischemia-induced NE
release because of the following reasons. Although the
exocytotic release mechanism participates in the ischemia-
induced NE release within the first 20 min of ischemia, the
non-exocytotic release mechanism becomes predominant as
the ischemic period is prolonged (Akiyama and Yamazaki,
1999). Myocardial ischemia gradually depletes ATP in the
ischemic region including sympathetic nerve terminals, which
leads to accumulation of axoplasmic NE and reduction of
normal Na®gradient across the plasma membrane in the
sympathetic nerve terminals. The NE uptake transporter on
the sympathetic nerve terminals, driven by the Na'gradient, is
then reversed, evoking non-exocytotic NE release (Schwartz,
2000). Therefore, the presynaptic inhibition of exocytotic NE
release might conwribute little to the suppression of ischemia-
induced NE release during prolonged ischemia. Furthermore,
the presynaptic inhibition of exocytotic NE release becomes
less effective during the ischemic insult (Du et al., 1990;
Haunstetter et al.,, 1994). The fact that the ischemia-induced
NE release did not differ between the VSP and VX groups is
also in opposition to the presynaptic inhibition as a chief
mechanism underlying the vagally mediated suppression of
ischemia-induced NE release (Fig. 1). Although left ventric-
ular pacing could have affected myocardial interstitial NE

levels, the results of the supplemental protocol indicates that
changes in the NE levels by ventricular pacing might be
negligibly small compared to the ischemia-induced NE
release.

Second, the ‘suppression of ischemia-induced NE release
by vagal stimulation may be related to myocardial protection
‘via direct vasodiation of the coronary artery. The coronary
dilation may enhance collateral flow in the ischemic region

G

and protect against myocardial deterioration evoked by
ischemia. Both ACh and vasoactive intestinal polypeptide
(VIP) are known to exert direct coronary dilation (Feliciano
and Henning, 1998; Gross et al, 1981: Henning and
Sawmiller, 2001). VIP is colocalized with ACh in the
postganglionic vagal fibers and is released by high-frequency
(20 Hz) vagal stimulation. VIP may interact with NE
transport or exocytosis like nociceptin (Yamazaki et al.,
2001). However, fixed-rate pacing abolished the ability of
vagal stimulation to suppress the ischemia-induced NE
release. Hence the direct coronary vasodilation and/or
interaction with the sympathetic system via VIP might have
played little role in suppressing ischemia-induced NE release
in the present experimental settings. Another factor that
should be taken into account is that the relatively low-
frequency (5 Hz) stimulation might have Limited the amount
of VIP release from the vagal nerve endings.

Third, HR is one of the most important determinants of
myocardial oxygen consumption (Mohrman and Heller, 1997).
In the present study, HR in the VS group decreased to
approximately 60% that of the VX group during the ischemic
period (Fig. 3), which slowed the energy consumption of the
myocardium. Bradycardia might also decrease ventricular
contractility via a force-frequency mechanism (Maughan et
al,, 1985). In addition, bradycardia may increase coronary
perfusion via prolongation of diastolic interval (Buck et al.,
1981). These factors slowed energy consumption in the
ischemic region including sympathetic nerve terminals, delay-
ing the time course for non-exocytotic NE release. The
prevention of excess NE would further reduce myocardial
oxygen consumption and decelerate the progression of
ischemic injury (Suga et al, 1983). The ischemia-induced
NE release did not differ between the VSP and VX groups
despite the lower mean AP in the VSP compared with the VX
group. Although lowering AP might decrease afterload of the
ventricle and reduce energy consumption, the beneficial effect
of afterload reduction might have been masked in the VSP
group due to inefficient cardiac pumping function associated
with asynchrony between sinus rate and ventricular rate. Proper
atrioventricular conduction time contributes to the ventricular
filling (Meisner et al.,, 1985). In the VSP group, the sinus rate
was reduced by vagal stimulation whereas the ventricular rate
was maintained by fixed-rate pacing. Dissociation of the sinus
rate and ventricular rate might have impaired the venmicular

filling to a variable extent, resulting in a progressive reduction
in AP.

Finally, the vagal stimulation decreases ventricular con-
tractile force against sympathetic activation via the direct
projections to the ventricle (Nakayama et al, 2001). This
mechanism might have also contributed to the reduction of
the myocardial oxygen consumption and slowed the progres-
sion of ischemic injury in the VS group. However, the
ventricular pacing canceled the protective effects in the VSP
group, possibly by the adverse influences discussed in the
previous paragraph. Further studies are required to isolate the
factor(s) most important for the suppression of ischemia-
induced NE release by the vagal stimulation.
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Effects of vagal stimulation on ischemia-induced ACh release

In contrast to the suppressive effect of NE release, vagal
nerve stimulation can exert two opposing influences on ACh
release in the ischemic myocardium. The nerve stimulation
iself induces exocytotic ACh release from nerve endings.
Acute myocardial ischemia impairs conduction of the nerves
waversing in the ischemic region (Barber et al., 1983; Inoue
and Zipes, 1988; Martins et al., 1989). Acute myocardial
ischemia also impairs the exocytotic ACh release in the
postischemic myocardium (Kawada et al, 2002b). On the
other hand, acute myocardial ischemia causes myocardial ACh
release in the ischemic region via a local release mechanism
independent of efferent nerve activity (Kawada et al., 2000).
Hence, the amount of ACh release was net effects of ACh
release evoked by nerve stimulation and ischemia: vagally
mediated protection against ischemic injury should augment
the former and attenuate the latter.

Although vagal stimulation augmented myocardial intersti-
tial ACh release during the O~15 min period of coronary
occlusion in the VS group than in the VX group, the initial
enhancement was not observed in the VSP group. One possible
mechanism for the difference in the initial ACh release between
the VS and VSP groups is that the progression of ischemia in
the VSP group relative to the VS group impaired the vagal
nerve conduction in the ischemic region, reducing the
exocytotic ACh release. The other possible mechanism is that
the high levels of NE might have attenuated the stimulation-
induced ACh release from the vagal nerve endings via o-
adrenergic mechanisms (Akiyama and Yamazaki, 2000).

There are several limitations to the present study. First, we
avoided large myocardial ischemia by occluding LAD just distal
to the first diagonal branch. Accordingly, the incidence of lethal
ventricular arthythmia was too low to draw any conclusion as to
the effects of vagal stimulation on the arrhythmogenesis. Further
studies with larger myocardial ischemia are clearly required to
examine the effects of vagal stimulation on the incidence of
lethal ventricular arthythmia in relation to the observed NE and/
or ACh levels in the ischemic myocardium. Second, plasma
catecolamine levels might have been increased during the LAD
occlusion, which might affect HR and cardiac function in the
non-ischemic region. Although changes in plasma catechol-
amine levels may play significant roles in determining systemic
hemodynamics, the ischemic region was only poorly perfused.

Accordingly, direct effects of plasma catecholamines on the
myocardial interstitial NE and ACh levels in the ischemic region

might have been limited in the present study.

Conclusion

Electrical vagal stimulation suppressed ischemia-induced
NE release in the ischemic myocardium in anesthetized cats.
The vagal stimulation augmented ischemia-induced ACh
release at the 0~15 min period of ischemia. Although acute
myocardial ischemia causes myocardial NE and ACh releases
in'dependent of efferent nerve activity, the vagal stimulation
was able to modulate both NE and ACh levels in the ischemic

region. The suppression of NE release and augmentation of
initial ACh release in the ischemic myocardium by vagal
stimulation may reduce the ischemic injury to the heart. The
direct neural intervention could be a new modality of medical
engineering to cope with ischemic heart discases.
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: Kawada, Toru, Toji Yamazaki, Tsuyvoshi Akivama, Ka-
»zunori Uemura, Atsunori Kamiva, Toshiaki Shishido, Hidezo
Mori. and Masaru Sugimachi, Effects of Ca®” channel antago-

= increase is associated with an exocytotic acetylcholine ( ACh)
i release from the parasympathetic postganglionic nerve endings. the
2 role of voltage-dependent Ca” ' channels in ACh release in the
i mammalian cardiac parasympathetic perve is not clearly under-
2 stood. Using a cardiae microdialysis technique. we examined the
& offects of Ca®' channel antagonists on vagal nerve stimulation-
= and ischemia-induced myocardial interstitial ACh releases in anes-
2 thetized cats. The vagal stimulation-induced ACh release [22.4 nM
ignificant]y attenuated by local adminis-

channel antagonist w-conotoxin GVIA
L{117 oM SD S8 0 = 7. P = 0.0054] or a P/Q-type Ca®”
channe] antagonist w-conotoxin MVIIC [3.8 nM (SD 2.3). # = 6.
5 £ = 0.0002] but not by local administration of an L-type Ca*~
:; channel antagonist verapamil [23.5 nM (SD 6.0). n = 5. P =

15.0 nM (8D 8.3). n = §] was not auenuated by local adminis-
gz tration of the L-. N-o or P/Q-type Ca™" channel antagonists. by
fg%ﬁinhihiti(m af Na /Ca”  exchange. or by blockade of inositol
& LdS-wisphosphate [Inst].4.5)P4]) receptor but was significantly
7 2 suppressed by Jocal administration of gadolinium [2.8 nM (SD

= O = 6. F = 0.0283], In conclusion. stimulation-induced ACh
2 release from the cardiac postganglionic nerves depends on the N-
tand P/Q-tvpe Ca " channels (with a dominance of P/Q-tvpe) but
:a%;} probably not on the L-tvpe Ca=" channels in cats. In contrast.
”‘{% ischemia-induced ACh release depends on nonsclective cation
s channels or cation-selective streteh activated channels but not on
1-. N-or PrQ wype Co® channels, Nu™/Ca®” exchange. or
Inst 1455 receptor-mediated pathway.

cardiac microdialvsis: w-conotoxin GVIA: w-conotoxin MVIC: KB-
4 R7943: verapamil: vagal stimulation

the mammalian parasympathetic system is not fully understood
wnd show diversity among reports. To name a lew. in isolated
parasy mpathetic submandibular ganglia from the ral. neuro-
- ransmission is mediated by Ca”~ channels that are resistant 1o
the L~ N- P/Q-. and R- type Ca®* channel antagonists (29).
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' Effects of Ca®™ channel antagonists on nerve stimulation-induced
. and ischemia-induced myocardial interstitial acetylcholine release in cats
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Atsunori Kamiya,' Toshiaki Shishido,' Hidezo Mori,? and Masaru Sugimachi'

"Depariment of Cardiovascular Dynamics. Advanced Medical Engineering Center. Nawional Cardiovascular Center Research
Instinge and “Deparunent of Cardiac Physiology. National Cardiovascular Cenier Research Instituie. Qseka, Japan

When the negative inotropic responsce o field stimulation was
examined in the isolated guinea pig atria. Hong and Chang (8)
reported the importance of P/Q-type Cua®  channels. whereus
Serone et al. (28) reported the importance of N-type Ca®
channels. Because field stimulation in the isolated preparations
could induce responses different from those in the in vivo
conditions, we aimed o examine the effects of Ca’ ™ channel
antagonists on the vagal nerve sumulation-induced myocardial
interstitial ACh release in the in vivo feline heart.

Aside from the important role of the normal physiological
regulation of the heart. the vagal nerve can be a therapeutic target
for certain cardiovascular diseases (2. 3. 13, 22, 27). In previous
studies, we have shown that acute myocardial ischemia causes
myocardial interstiial ACh release in the ischemic region inde-
pendently of efferent vagal nerve activity (12, 14). The compar-
ison of the effects of Ca®” channel antgonists on the ACh
releases induced by vagal nerve stimulation and by acute myo-
cardial ischemia may deepen our understanding about the ische-
mia-induced myocardial interstitial ACh release.

A cardiac microdialysis technique ofTers detailed analyses of
in vivo myocardial interstitial ACh release (1. 15). Because the
local administration of pharmacological agents through a dial-
ysis probe can modulatc ACh release without significantly
affecting systemic hemodynamics. a combination of cardiac
microdialysis with local pharmacological interventions is usc-
ful for analyzing the mechanisms of ACh release in vivo. In the
present study. we examined the effects of Ca® * channel antag-
onists on nerve stimulation- and ischemia-induced ACh re-
leases in anesthetized cats. The results indicate that stimula-
ton-induced ACh release from the cardiac parasympathetic
postganglionic nerves depends on the N- and P/Q-type Ca”
channels but probably not on the L-type Ca® channels. In
contrast. ischemia-induced myocardial interstitial ACh release
is resistant to the inhibition of L-. N-. and P/Q-type Ca
channels. In addition. the ischemia-induced myocardial ACh
release is resistant o the inhibition of Na /Ca™ " exchanger
and the blockade ol inositol L4.5-tnsphosphate [Ins(1.4.5)Ps]
receplor but is suppressed by gadolinium. suggesting that
nonselective cation channels or cation-selective stretch-acti-
vated channels are mvolved.

MATERIALS AND METHODS
Common Preparation

Animal care was provided in accordance with the Guiding Princi-
ples Jor the Care and Use of Animals in the Field of Physiological

The costs of publication of this anticle were defrayed in part by the pavment
of page charges. The article must theretfore be hereby muked “advertisement™
in accordance with 18 ULS.CL Scetion 1734 solely w indicate this fact.
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= Sciences approved by the Physiological Society of Japan. All proto-
cols were approved by the Animal Subjects Committee of the Na-
tional Cardiovascular Center. Adult cats weighing from 2.2 10 4.2 kg
were anesthetized via an intraperitoneal injection of pentobarhital
sodium (30-35 mg/kg) and ventilated mechanically with room air
mixed with oxyvgen. The depth of anesthesia was maintained with a
continuous intravenous  infusion of pentobarbital sodium  (1-2
mgrkg "*h ') through a catheter inserted from the right femoral
2 vein. Systemic arterial pressure was monitored from a catheter in-
i serted from the right femoral artery. The vagi were sectioned bilater-
% allv at the neck. The esophageal teimperature of the animal. which was
: measured by a thermometer (CTM-303. TERUMO. Japan). was
: maintained at around 37°C using a heated pad and a lamp.
With the animal in the lateral position. the left tifth and sixth ribs
:were resected to expose the heart. A dialysis probe was implanted
transversely. using a fine guiding needle. into the anterolateral free
wall of the left venwicle perfused by the left anterior descending
coronary artery (LAY Heparin sodium (100 U/Zkg) was administered
: intravenously to prevent blood coagulation. At the end of the exper-
iment. the experimental animals were killed with an overdose of
& pentobarbital sodium. Postmortem examination confirmed that the
; dialvsis probe had been threaded in the middle layer of the left
% ventricular myocardium., The thickness of the left ventricular free wall
- was --7-8 mm. and the semipermeable membrane of the dialysis
% probe was positioned --3-4 mm from the cpicardial surface.

& Dialvsis Technigue

The materials and propertics of the dialysis probe have been

s L]L.\(.Hht,d previously (1. Brieflv. we designed a transverse dialysis
; probe. A dialysis fiber of semipermeable membrane (13 mm length.
310 p m OD 7()() m ID: PAN-1200. 50.000 molecular weight cutoff.

1 ("ﬂ cm Iuwt i() wm ()D 200 pm IDY. Thc tial sts prob«, was
perfused at o rate of 2 pl/min with Ringer solution containing a
Lh(!]ll)L\IL‘rd\C inhibitor eserine (physostigmine. 100 M), Experi-
anml protocols were started 2 h after the dialvsis probe was im-

4 planted when the ACh concentration in the dialysate reached a steady

;\mtu The ACh concentration in the dialysate was measured hy
high-performance liquid chromatography with electrochemical detec-

= ton (Eicom. Kvoto. Japan).

Local administration of a pharmacological agent was carried out

2 through a dialysis probe. That is 10 say. we added the pharmacological

( agent to thc pu'fusutc and dllo\ud | h for a \‘Lmin" timc T]]L

Jm.mhmnc. 1huLh§ aﬁutmg thc neurotransimitter lClLd.\L, in thc vi-
= cinity of the semipermeable membrane. Because the distribution
- across the s‘cmipcrmcuh]c membrane is required. based on previous
rcs‘ult\ (33, \-l

Specilic Preparation and Protocols

Protocal 1. Bipolar platinum electrodes were attached hilaterally to
| the cardiac ends of the sectioned vagi at the neck. The nerves and
: clectrodes were covered with warmed mineral oil for insulation. The

vagal perves were stimulated for 15 min (20 Tlz. T ms. 10 V), We
measured the stimulation-induced ACh release in the ahsence of Ca®”
channel hlockade control. # = 71 and examined the effects of an
Tvpe Ca” ' channel antagonist verapamil (100 uM. # = 3) an

A a~ " channel antagonist w-conotoxin GVIA (10 pM.nw = 7).
o P/Q-type Cat channel antagonist w-conotoxin MVIC (10 pM.
o= 61 and combined administration of w-conotoain GVIA and
* w-conotoxin MVIC (10 uM cach. n = 63,

Protacol 2. Because a prebiminary result from prorocol | suggested

stimulation-induced ACh release. we examined the effects of the

CHANNELS IN CARDIAC PARASYMPATHETIC NERVES

intravenous adninistration of verapamil (300 pe/kg. 1 = 6} on
stmulation-induced ACh release in vagotomized animals as a supple-
mental expcrimcnt

Protocol 3. A 60-min LAD occlusion was performed by using a 3-0
silk suture pd.sscd around the LAD just distal to the first diagonal
branch. We measured the ACh levels during 45-60 min of ischemia
in the ahsence of Cu= channel blockade (control. n = $) and
examined the effects of verapamil (100 pM. n = 3. w-conotoxin
GVIA (J0O pM. n = 5). and w-conotoxin MVIIC (10 M. n = 31 A
previous result indicated that the ischemia-induced ACh release
reached the steady state during 45-60 min of ischemia (14). We also
examined the effects of three additional agents. a Na " /Ca=" exchange
inhibitor KB-R7943 (JO pM. = 519, JO) an Ins(1.4.3)Px receptor
blocker xestospongin C (500 pM. n = 6) (25). and a nonsclective
cation channel blocker or a cation-selective streteh activated channel
blocker gadolinium (f mM) (5. 17). on the ischemia-induced ACh
release.

Staristical Analvsis

All data are presented as mean (SDY values. Tn protocol 1. we
compared stimulation-induced ACh release among the five groups
using one-way analvsis of variance followed by the Student-Neuman-
Keuls test (6). In protocol 2. we used an unpaired- test (two-sided) to
examine the effect of intravenous verapamil administration on stim-
ulation-induced ACh release. In prorocol 3. we compared ischemia-
induced ACh release among the seven groups using one-way analvsis
of variance followed by 1 the Dunnett’ test against the control. For all
analyses. differences were considered significant when P < (.03,

RESULTS

In protocol I, the ACh level during electrical vagal stimu-
lation was 22.4 nM (SD 10.6). Local adminisuation of verap-
amil did not affect stimulation-induced ACh release (Fig, 1),
In contrast, local adminisuation ol w-conowoxin GVIA or
w-conotoxin MVIIC suppressed stimulation-induced ACh re-
lease. The extent of suppression wus greater in the latier, The
ACh level was significantly lower in the simultancous admin-
istration group {w-conotoxin GVIA + w-conotoxin MVIIC)

.
40 ; sy !
r * al
—
=
£
o
O
< 1
V]
2
©
o
=
8
©
]
i apami / wCTX MVIIC
vehicle verapamil wCTX GVIA | o CTXMVIIC + wCTX GVIA
vehide 0.755 0.005% G.0002 0.0002
verapamil 0.753 0.0068 0.0007 0.0007
GVIA 0.0054 0.0068 0.053 0.025
MVIIC. 0.0002 0.0002 0.033 0.581
WMVIC+GVIA | 0.0002 00001 0.025 0 581
Fig. 1. Effects of local adminisvation of verapamil. o-conotoxin GVIA.

w-conatoxin MVIC, or m-conotoxin GVIA plus e-conotoxin MVIIC on vagal
nerve stimulation-induced myocardial tnterstitial ACh release. Both o-conu-
toxin GVIA and w-conotoxin MVIC. but not verapamil. suppressed stimula-
tion-induced ACh release. Data are mean (S valaes, P = (L01 +F <2 (.05,
The exact P values are presented.

AJP-Heart Cire Physiol « VOL 301 « SOVEMBER 2000 - www.ajpheart.org

_92_




]

¢ than that in the w-conotoxin GVIA group but was not different
= from the w-conotoxin MVIIC group.
. In protocol 2, the intravenous administration of verapamil

(217 oM (SD 12.8)] compared with the control group (P =
= 0.91).

5 Inproicol 3. the ACh level in the ischemic region was 14.9
= nM (SD 8.3y during 45-60 min of acute myocardial ischemia,
Inhibition of voltage-dependent Ca” * channels by local admin-
2 istration of verapamil. w-conotoxin GVIA, or w-conoloxin
e MVIC did not affect ischemia-induced ACh release (Fig. 2).
Inhxbmon of LhL reverse mod action of Na"/Ca®" exchange

: mcmod rather than suppresscd ischemia-induced ACh release,
i ? - though there was no statistically significant difference from the
Lﬁ;@; control. Blockade of the Ins(1.4.5)Ps receptor by local admin-

A xs‘LraLion ol xestospongin C did not affect the ischemia-induced
{ 2 ACh release. In conwrast, blockade of nonselective cation
’% = channels or cation-selective swretch-activated channels by local
adminislrzuion ol gadolinium suppressed the ischemia-induced
ACh release.

MISCUSSION

o s Ca™ " Channels Involved in Stinudation-induced
ol
E-;%Tz% Ch Release

Atthough neurotransmitter release at mammalian sympa-
Hthetic neuroefTector ]unumm pmd()mumml) dcpmds on Ca?

fmﬂux through N-type Ca” " channels (23, 33, 34), the Lype(s)
of Ca?* channels involved in AChH release (‘mm cardiac para-
2 sympathetic neuroeffector junctions show diversity among
reports (8. 28). One possible factor hampering investigations
into parasympathetic postganglionic neurotransmitter release
in response o vagal nerve stimulation in vivo is that the

:assess ACh release from preganglionic and postganglionic
‘ncr\u In the previous slud\' tmm our lahomlow. intr avenous

A( h ldcasc assessed by cardiac mxuodxa]vxls (J) Thc ncvh—
nxbk L.“L(.l of I()Lal hcxamcthonmm ddll]ll]l\ll‘m]()l‘l on stimu-

30 ~

20

dialysate ACh (nM)

xesto-
spongin C

P=0.2993 P=0.1896 P=0.9946 P=0.0283

m-CTX ur-T
GVIA MVIIC

P=0.0998

vehicle verapamil gadolinium

R7943

T P=0.929¢
Fig. 20 Eftects of Jocul administranon of  verapamil, w-conotoxin GVIA.
m-conatoxin. MVIIC, KB-R7943. xestospongin C. or gadolinium on acute
mivocardial ischemia-induced myocardial interstitial ACh release in the ische-

S mic region. Gadolinium alone suppressed the ischemia-induced ACh releasc.
?ﬁ%& Datacare mean (SD) values, #/2 < 0.05. The exact 77 values are presented.
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thetic ganglia around the dialysis probe. In support of our
speculation, a recent neuroanatomical finding indicaies that
three ganglia. away from the left anterior frec wall targeted by
the dialysis probe. provide the major source for left ventricular
postganglionic innervation in cals: a cranioventricular gan-
glion. a left ventricular ganglion 2 (so designated), and an
interventriculo-septal ganglion (11). Therelore. ACh. as mea-
sured by cardiac microdialysis. is considered o predominantly
reflect ACh release from  parasympathelic posiganglionic
nerves,

Local (protocol 1) or intravenous (proiocol 2) administration
of verapamil did not affect stimulation-induced ACh release. In
contrast, vagal stimulation-induced ACh release was reduced
in both the e-conotoxin GVIA and w-conotoxin MVIIC groups
bul o a greater extent in the lauwer (Fig. 1). Thercfore. both N-
and P/Q-type, but probably not L-ype. Ca® ' channels are
involved in stimulation-induced ACh release from the cardiac
parasympathetic postganglionic nerves in cats. The contribu-
tion of P/Q type Ca?" channels o ACh release might be greater
than that of N-type Ca? ™ channels. Hong and Chang (8)
reported thal the negative inotropic responsc o f icld stimula-
tion dcpuld< predominantly on the P/Q-type Ca® channels in
isolated guinea pig atria. where: as ‘§uonc cl al. (28) reported
the pxcdommdnu of N-type Ca® " channels. In those studics.
the field stimulation employed differed {rom ordinary activa-
tion of the postganglonic nerves by nerve discharge and. in
addition. ACh release was not directly measured. The present
study directly demonstrated the involvement of PAQ- and N-
type Ca®" channels in the stimulation-induced ACh release in
the cardiac parasympathetic postganglionic nerves. These re-
sults support the concept that multiple subtypes of the vollage-

gated Ca®” channel mediate ransmitter release from the same
70pulduon of parasympathetic neurons (31).

Sumulation-induced ACh release was suppressed by -

in the w-conotoxin GVIA group and by ~-80

S0%
G 1n the w-cono-

woxin MVIIC group. The algebraic summation of the extent of

suppression exceeded 100%. The phenomenon may be in part
due to the nonlinear dose- msponu relationship between Ca™
influx and transmitter release (32). The mpm-addmup henom-
enon may be also due 10 the affinity of w-conotoxin MVIIC o
N-Lype Ca?" channels (8. 26. 36). Combined local administra-
ton of w-conotoxin GVIA and w-conotoxin MVIC almost
completely suppressed stimulation-induced ACh release o a
level similar to that achieved by the Na  channel inhibitor
Ltetrodotoxin (h Therefore, involvement of another untested
type of Ca® channelis) is unlikely in the stimulation-induced
A( h release from the cardiae parasympathetic postganglionic
nerves in cats.

Ca” ' Channels und Ischemia-induced ACh Relewse

In a previous study. we showed that acute myocardial
ischemia evokes myocardial intersiitial ACh release in the
ischemic region via a local mechanism independent of efferent
vagal nerve actvity (14). In that swdy.
intracellular Ca? " mobilization by local
34.5-trimethoxybenzoic acid 8-(dicthyl amino)-octyl ester
(TMB-8) suppressed ischemia-induced ACh release. suggesi-
ing that an axoplasmic Ca®  elevation is essential for the
ischemia-induced ACh release. Becausce tissue K concentra-
ton increases in the ischemic region (7. 18). high K -induced
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even in the absence of efferent vagal nerve activity. However.
s ischemia-induced ACh release was not suppressed by Jocal
jadmmmmuon of \udpamll w-conotoxin GVIA, or w-cono-
s loxin MVIIC (Fig. 2). Therefore. Ca® entry through the
| volage-dependent Ca: " channels is unlikely a mechanism for
: the Ischemia-induced myocardial interstiial ACh release.
Acule myocardial ischemia causes energy depletion in the
sischemic region. which impairs Na ' -K7-ATPase activity. Is-
: chemia also causes acidosis in the ischemic region, which

gg‘%;w promotes Va - cxchungc: As a result, ischc.:lnja causes
il intracellular Na© accumulaton. The decrease in the Na

s At
: ’ grudxom across the plasma membrane may then cause the
: cxchungcr Lo operate n the reverse mode. facilitat-
' OV(,]’l()dd KB-R7943 can inhibit the
; " exchange (9. 10) and its potential 1o
: protccl against ischcmla-n.pulusxon injury has been reported

i KB R79—H (dllcd o xuppn,is and rather muc,a%d ACh u_l asc

mdy h ave
and induced

entry through the Na '/
( a” L\Lhdﬂ"u iself. ln dddlU()n KB-R7943 could inhibit the
ior\\ ard mode of Na  /Ca?~ exchange and 1edu<,u Ca®" cfflux
lﬁ) L()l]UIbUUﬂ"’ 10 Lhu intracel uhu Ca®" accumulation and

:KB R7943 onl\' durinﬂ the ischemic period. However, accu-
% mulation of intraccllular Na~ through Na /H ™ exchange is
,)«cnhanud on reperfusion due w0 the washoul of extracellular
' (201. The inhibition of Na /Ca®  exchange 0 suppress
1 Ca”* overload might become more important during the reper-

As already mcmioncd, lhe ischemia-induced ACh release
an be blocked by TMB-8 and thus the intracellular Ca®”
nobilization is required for the ischemia-induced ACh rcleuv.c.
(14). Besides the Ca” * enries through \olmwc dupcndcm Cu?

channels and via the reverse mode of Na /Ca?” exchanger,
=" may be mobilized from the endoplasmic reticulum via
épmholovicul pathways. As an example. the mitochondrial per-
= meability transition pore triggered in pathological conditions is
= linked Lo cytochrome ¢ release. Cytochrome ¢ can bind o the
endoplusmic reticulum  Ins(14.5)P: receplor. rendering the
cchannel insensiive 1o astoinhibition by high eytosolic Ca”"
L concentration and resulting in enhanced endoplasmic reticulum
Ca™ " release (4 300, In the present study. however. blockade
- of Ins(1.4.5)Ps receptor by xestospongin C failed 10 suppress
he ischemia-induced ACh release. In contrast. local adminis-
ration of gadolinium significandy suppressed the ischemia-
induced ACh release. Therefore. nonselective cation channels
¢ or cation-selective stretch-activated channels contribute to the
ischemia-induced ACh release. During myocardial ischemia,
% the ischemic region can be subjected to paradoxical systolic
bulging. Such bulging likely opens stretch-activaled channels
and causes myocardial interstitial ACh release. possibly lead-
ng 1o cardioprotection by ACh against ischemic injury (2).

(21). In the present study, however. local administration of

¢ observed the effects of

usion phd\C Fm msmnu the percent \u*muu \h()l lening of

A" CHANNELS IN CARDIAC PARASYMPATHETIC NERVES

Limitations

First, the experiment was performed under anesthetic con-
ditions. which may have influenced basal autonomic activity.
However, because we seclioned the vagi at the neck. busal
autopomic activity may have had only a minor effect on ACh
release during the vagal stimulation and during acule myocar-
dial ischemia. Second. we added eserine 1o the perfusate o
inhibit immediate degradation of ACh (24). which may have
increased the ACh level in the synaptic cleft and activated
regulatory pathways such as autoinhibition of ACh release via
muscarinic receplors (24). However, the myocardial interstitial
ACh level mcdsun.d under this condition could reflect changes
induced by Na' channel inhibitor. choline uptake inhibitor.
and vesicular ACh tansport inhibitor as described in a previ-
ous study (15). Therefore. we think that the interpretation of
the present results is rcasonable. Third. tissue and species
differences should be tiken into account when extrapolating
the present findings. because significant heterogeneity in the
Ca® " channels involved in the mammalian parasympathetic
system may exist. Finally. we used verapamil o st the
involvement of L-type Ca®" channels in the ACh releasc.
There arce three major types of L-type Ca? ™ channel antagonists
with different binding domains (verapamil. nifedipine. and
diltiazem) (19). Whether the cffects on the ACh release are
common among the three types of L-type Ca® ™ channel antag-
onists remains unanswered.

In conclusion, the N- and P/Q-type Ca? " channcls (\xith the
P/Q-type dommam but probably not the L-type Ca® " chan-
nels. are involved in vagal sumulaton-induced ACh release
from the cardiac parasympathetic postganglionic nerves in
cats. In contrast. myocardial terstitial ACh relcase in the
ischemic myotardium is resistant w the blockade of L-. N-. and
P/Q-type Ca®" channels. In additon, the ischemia-induced
myocardial ACh relcase is resistant o the inhibition of Na '/
Ca®" exchanger and the blockade of Tns(1.4.5)Ps receptor bul
is suppressed by gadolinium. suggesting that nonsclective
cation channels or cation-selective strelch-activated channels
are involved
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Summary We investigated the influence of inducible nitric oxide synthase (INOS) on acute
ischemic injury and chronic angiogenesis. In a hindlimb ischemia model, NO produced by
endothelial NO synthase (eNOS) reduces ischemic injury and promotes angiogenesis.
However, the effect of the large amounts of NO generated by induced iNOS is unclear.
Experimental groups of mice were as follows: (1) wild-type group (Wild), (2) iNOS-knockout
group (iNOS-KO), and (3) aminoguanidine-treated wild-type group (Wild + AG), which
received aminoguanidine from day 0 to day 3 after ischemia. Acute ischemic injury was
evaluated by measuring the plasma CK value and ischemic score. Chronic angiogenesis was
evaluated by microangiography and with a non-contact type Doppler blood flowmeter on day
3. Compared with the Wild group (251 + 34.7 1U/), the CK value was significantly elevated in
the iINOS-KO (497 & 126.7 TU/) and Wild + AG (587.2 £ 128.7 1U/) groups. The ischemic score
was significantly increased in the iNOS-KO (92%) and Wild = AG (66.6%) groups compared
with the Wild group (23%). Blood flow was significantly increased in the iNOS-KO group
(38.7 £ 15.3%) compared with the Wild (38.1 + 15.9%) and Wild & AG (43.5 + 9.8%) groups in
the chronic stage. Microangiography revealed a significantly increased number of blood
vessels in the iNOS-KO (0.29 +0.02) group compared with the Wild (0.12£0.01) and
Wild + AG (0.15 £ 0.02) groups. Cur findings indicate that NO generated by iNOS has a

biphasic action, reducing acute ischemic injury and inhibiting an

stage,

giogenesis in the chronic

Key Words: angiogenesis, ischemia, nitric oxide synthase

Introduction

The incidence of refractory peripheral arterial disease is
increasing rapidly in developed countries [/]. When peripheral’
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arterial disease becomes severe, not only is the quality of life
of patients impaired, but also their prognosis is poor [2].
Consequently new therapies, including angiogenic treatment
with vascular endothelial growth factor (VEGF), hepatocyte
growth factor (HGF) and fibroblast growth factor-4 (FGF-4)
gene transduction or bone marrow cells, have been developed
with some success [3-8).

NO is produced by NO synthase and has multiple
bioactivities, including vasodilating, anti-platelet-aggregating
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and anti-microbial activities [9]. Among the three NO
synthase isoforms, neuronal NO synthase (nNOS) is found
in the central nerve system, and iNOS is induced in smooth-
muscle cells and inflammatory cells in various diseases,
such as endotoxemia or ischemia, while eNOS is found in
vascular endothelial cells [/0].

NO generally has a cytoprotective action on hindlimb
ischemia [//-14]. During ischemic injury, eNOS Iis
upregulated and INOS is induced. 1t is reasonable that NO
produced by eNOS reduces acute ischemic injury and
induces angiogenesis, as it has been shown to have a
vasodilatory action [/5-17]. Induced iNOS produces large
amounts of NO [/8], but the effect of NO generated by iNOS
in hindlimb ischemia remains unclear.

In this experiment, we examined the contributions of iINOS
to the acute phase of ischemic injury and to angiogenesis in
the chronic phase of ischemia in a mouse hindlimb ischemia
model, using INOS knockout mice and wild-type mice
treated with aminoguanidine (a selective inhibitor of inducible
nitric oxide synthese in macrophages){/9-21] in the acute
phase.

Materials and Methods

Mice

All mice used in experiments were male, 2 to 3 months of
age, weighing 18 to 26 g each. Wild-type (Wild) 129 SvEv
mice were purchased from CLEA, Japan. iNOS ~/~ mice,
with a mixed C57BL/6] x 129 SvEv genetic background,
were obtained from Merck & Co, Inc.. INOS +/+ mice were
obtained by crossing 129 SvEv mice with C57BL/6J mice
twice. INOS —/- and iNOS +/+ strains have similar genetic
backgrounds of 75% CS57BL/6J and 25% 129/SvEv [22].
For the pharmacologically iINOS-inhibited group, Wild mice
were given aminoguanidine (AG; Sigma, 50 mg/lkg, i.p., KI
value of 55 micro M and a Kinaei max value of 0.09 min™') [23]
24 hr before operation and daily for 3 days postoperatively
[24, 25). The animals were maintained in a pathogen-free
barrier facility with a 12-hour light/dark cycle and had free
access to food and water. Animals were anesthetized with
pentobarbital sodium (50 mg/kg, i.p.), and hindlimb ischemia
was created by ligation of the left common iliac artery and
external iliac artery and resection of the femoral artery [26,
27]. Mice were killed 7 days (acute phase) or 14 to 21 days
(chronic phase) after surgery [28]. The study was approved
by the Animal Care Committee of Tokai University.

Evaluation of acute ischemic injury

Serum CK value—To estimate skeletal muscle injury, CK
release was estimated in the effluent collected from the
infraorbitalis vein on day 3. Plasma was obtained through
centrifugation of the whole blood for 10 minutes at 12000 g at
4°C. Plasma was collected and CK was assayed by SRL Co..

Ischemic score—On day 7, the degree of ischemic insult
in the limb was macroscopically evaluated by using graded
morphological scales for tissue necrosis (grade 0 to 1V):
grade 0: absence of necrosis: grade I, necrosis only of toes;
grade II, necrosis extending to dorsum of a foot; grade III,
necrosis extending to crus; grade I'V, necrosis extending to a
thigh or complete necrosis (Fig. 1).

Evaluation of chronic angiogenesis

Non-contact type laser Doppler measurement—We
employed laser Doppler flowmetry (LDF), a non-nvasive
technique for measuring tissue blood flow [/6, 29], using a
FLO-NI1 device (OMEGAWAVE, Japan), which delivers
light generated by a semiconductor laser diode operating at a
wavelength of 780 nm, with a maximum accessible power of
3 mW. Briefly, the skin was removed so that only deep
muscle blood flow would be measured, and the probe (ST-N
probe, OMEGAWAVE, Japan) was placed on 4 points of the
femoral muscles. Blood flow was expressed as ml/min/
100 g. The contralateral hindlimb served as an intemnal
control.

Sequential microangiography in in vivo-—A PE-10 (10-
gauge polyethylene) catheter was placed in the right common
carotid artery of a mouse fixed on a board (1.0 mm thick) in
the standing position under general anesthesia. Sequential
images of the hind limb were obtained by the injection of
non-ionic contrast material (1 mi/s for 2 s, lopamidol, Nihon
Schering, Tokyo, Japan) via the arterial catheter [30] on day
0 and day 14. Monochromatic synchrotron radiation with an
energy level of 33.3 keV was obtained with a silicon crystal
from beamlines NE5 and BL-14 at the High Energy
Accelerator Research Organization, Tsukuba, Japan. To
improve contrast resolution, subtraction images were
created in the computer from the digital images obtained
immediately before and during contrast material injection
[31]. Angiogenesis was evaluated in terms of vessel density
and assigned an angiographic score [28, 32, 33]. The
ischemic signal in the acute phase is a critical factor
inducing angiogenesis [34], and angiogenesis increases in
proportion to the degree of ischemia [35, 36]. Therefore,
angiogenesis should be compared among groups with
comparable severity of acute ischemic injury. For this
reason, we compared results among groups using only
animals with grade I ischemic score (refer to Figure 3).

FITC gel angiography—To visualize microvessel networks,
the FITC-gelatin conjugate fluorescence injection method
(dialyzed FITC, 30 mg/mL conjugated gelatin solution) was
employed [37]. Mice were anesthetized with pentobarbital
sodium (50 mg/kg, i.p.), and a PE-10 (10-gauge polyethylene)
catheter was placed in the right common carotid artery. The
FITC gelatin solution (20 ml) was injected into the catheter
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Fig. 1.

The grading of necrosis in ischemic hindlimb, The ischemic limb was macroscopically evaluated by using a graded

morphological scale for tissue necrosis area (grade 0 to IV).

(1 ml/min) and the right common carotid vein was cut. After
complete perfusion, the left leg were resected and
immediately fixed in ice-cold graded paraformaldehyde
(4%). A confocal laser scanning microscopy (CLSM)
system (LSM-410, Carl Zeiss, Jena, Germany), equipped
with a 488-nm argon laser (for FITC), was employed on
thick sections (1-2 mm) to visualize microvessel networks
in detail [38]. After computer-assisted 3-D imaging of
microvessel networks by the CLSM system, the images
were stored on hard disk memory or 2 magnetic optical disk,
EDM-230C (Sony, Tokyo, Japan) and were printed with a
digital Pictrostat 400 (Fuji Film Co/Ltd., Tokyo, Japan).

Statistical Analysis
Data are presented as mean values + SD. Differences

were assessed by using one-way ANOVA with Tukey’s post
test. '
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Results

Acute ischemic injury

Serum CK value—Firstly, we measured serum CK value to
evaluate the acute ischemic injury in the three experimental
groups. In the control (Wild) group, the serum CK value was
251 £34. 71U/ The serum CK values in the Wild + AG
group (587.2%128.71U/1) and iNOS-KO group (497
* 126.7 IUN) were significantly higher than that in the Wild
group (Figure 2).

Ischemic score on day 7—The ischemic scores in the
INOS-KO group (92%) and the Wild + AG group (66.6%)
were significantly higher than that in the Wild group (23%)
(Figure 3). Percentages of grade I in the Wild, iNOS-KO and
Wild + AG groups were 23%, 25% and 33%, respectively,

Chronic angiogenesis
Laser Doppler (non contact type) measurement—The

~98-



