3636 Biochemistry, Vol. 43, No. 12, 2004

10.

1L

12.

13.

14,

16.

17.

18.

19.

20.

23.

24,

25.

26.

27.

organization, and functional expression of Na*/H* exchanger
isoform 5 (NHES) from human brain, J. Biol..Chem. 274, 4377—
4382.

Goyal, S., Vanden Heuvel, G., and Aronson, P. S. (2003) Renal
expression of novel Na*/H* exchanger isoform NHES, Am. J.
Physiol. 284, FAGT—473.

Lin, X., and Barber, D. L. (1996) A calcineurin homologous protein
inhibits GTPase-stimulated Na—H exchange, Proc. Natl. Acad.
Sci. U.S.A. 93, 12631—12636.

Pang, T., Su, X., Wakabayashi, S., and Shigekawa, M. (2001)
Calcineurin homologous protein as an essential cofactor for Na*/
H* exchangers, J. Biol. Chem. 276, 17367—17372,

Pang, T., Wakabayashi, S., and Shigekawa, M. (2002) Expression
of calcineuin B homologous protein 2 protects serum deprivaion-
induced cell death by serum-independent activation of Na*/H*
exchanger, J. Biol. Chem, 277, 43771—43777.

Bertrand, B., Wakabayashi, S., Ikeda, T., Pouysségur, J.. and
Shigekawa, M. (1994) The Na*/H* exchanger isoform | (NHEI)
is a novel member of the calmodulin-binding proteins: Identifica-
tion and characterization of calmodulin-binding sites, J. Biol.
Chem. 269, 13703—13709.

. Wakabayashi, S., Bertrand. B., Ikeda, T., Pouysségur, J.. and

Shigekawa, M. (1994) Mutation of caimodulin-binding site renders

the Na*/H* exchanger (NHEL) highly H*-sensitive and Ca®*-

regulation-defective, J. Biol. Chem. 269, 13710—13715.
Voyno-Yasenetskaya, T.. Conklin, B. R., Gilbert, R. L.. Hooley,
R., Bourne, H. R., and Barber, D. L. (1994) G alpha 13 stimulates
Na—H exchange, J. Biol. Chem. 269, 4721—4724,

Bianchini, L., L’ Allemain, G., and Pouysségur, J. (1997) The p42/
pdd Mitogen-activated protein kinase cascade is determinant in
mediating activation of the Na*/H* exchanger (NHE! isoform)
in response to growth factors, J. Biol. Chem. 272, 271—~279.
Takahashi, E., Abe, J.-L, Gallis, B., Aebersold, R., Spring, D. J.,
Krebs, E. G., and Berk, B. C. (1999) p90RSK is a serum-stimulated
Na*/H* exchanger isoform-1 kinase. Regulatory phosphorylation
of.serine 703 of Na*/H* exchanger isoform-1, J. Biol. Chem. 274,
20206—20214.

Lehoux, S., Abe, I. I, Florian, J. A., and Berk, B. C. (2001) 14-
3-3 binding to Na*/H* exchanger isoform-1 is associated with
serum-dependent activation of Na*/H* exchange, J. Biol. Chem.
276, 15794—15800.

Yan, W., Nehrke, K., Choi, J., and Barber, D. L. (2001) The Nck-
interacting kinase (NIK) phosphorylates the Na*-H"* exchanger
NHE! and regulates NHEI activation by platelet-derived growth
factor, J. Biol. Chem. 276, 31349—31356.

. Aharonovitz, O., Zaun, H. C,, Balla, T., York, I. D., Orlowski, I.,

and Grinstein, S. (2000) Intracellular pH regulation by Na*/H*
exchange requires phosphatidylinositol 4,5-bisphosphate. J. Cell
Biol. 150, 213—-224,

. Li. X, Alvarez. B., Casey, I. R., Reithmeier, R. A. F., and Fliegel,

L. (2002) Carbionic anhydrase II binds to and enhances activity
of the Nat/H* exchanger, J. Biol. Chem. 277, 36085—36091.
Barroso, M. R., Bernd, K. K., DeWitt, N. D., Chang, A., Mills,

‘K., and Sztul, E. S. (1996) A novel Ca**-binding protein, p22, is

required for constitutive membrane traffic, J. Biol. Chem. 271,
10183—10187.

Lin, X., Sikkink, R. A., Rusnak, F., and Barber, D. L. (1999)-

Inhibition of calcineurin phosphatase activity by a calcineurin B
homologous protein. J. Biol. Chem. 274, 36125~36131.

Timm, S., Titus, B., Bernd, K., and Barroso. M. (1999) The EF-
hand Ca>"-binding protein p22 associates with microtubules in
an N-myristoylation-dependent manner, Mol. Biol. Cell 10, 3473~
3488.

Matsumoto, M., Miyake, Y., Nagita, M., Inoue. H., Shitakubo,
D., Takemoto. K., Ohtsuka, C., Murakami, H., Nakamura, N., and
Kanazawa, H. (2001) A serine/threonine kinase which causes
apoptosis-like cell death interacts with a calcineurin B-like protein
capable of binding Na*/H* exchanger, J. Biochem. (Tokyo) 130.
217-225.

Nakamura. N., Miyake, Y., Matsushita, M., Tanaka. S.. Inoue,
H.. and Kanazawa, H. (2002) KIF1B/2, capable of interacting
with CHP, is localized to synaptic vesicles, J. Biochem. (Tokyo)
132, 483492,

. Inoue. H., Nakamura, Y., Nagita. M., Takai, T., Masuda, M.,

Nakamura, N., and Kanazawa, H. (2003) Caicineurin homologous
protein isoform 2 (CHP2). Na*/H* exchangers-binding protein,
is expressed in intestinal epithelium, Biol. Pharm. Bull. 26 (2),
148—155: -

29.

30.

3L

32.

33.

34,

36.

37.

38.

39.

40.

41.

42.
43.

45.

46.

47,

48.

-856~-

Pang et al.

Pouysségur, J., Sardet, C., Franchi, A., L’Allemain, G., and Paris,
S. (1984) A specific mutation abolishing Na*/H* antiport activity
in hamster fibroblasts precludes growth at nertral and acidic pH,
Proc. Natl. Acad. Sci. U.S.A. 81, 4833—4837.

Wakabayashi, S., Fafournoux, P., Sardet, C., and Pouysségur. J.
(1992) The Na*/H* antiporter cytoplasmic domain mediates
growth factor signals and controls “H*-sensing", Proc. Natl. Acad.
Sci. U.S.A. 89, 2424—2428.

Wakabayashi, S., Ogurusy, T., and Shigekawa. M. (1986) Factors
influencing calcium release from the ADP-sensitive phosphoen-
zyme intermediate of the sarcoplasmic reticulum ATPase, J. Biol.
Chem. 261, 9762—9769.

Ikeda, T., Schmitt, B., Pouysségur, J., Wakabayashi, S., and
Shigekawa. M. (1997) Identification of cytoplasmic subdomains
that control pH-sensing of theNa*/H* exchanger (NHEL): pH-
maintenance, ATP-sensitive, and flexible loop domains, J. Bio-
chem. (Tokyo) 121, 295—303.

Strynadka, N. C. J., and James, M. N. G. (1989) Crystal structures
of the helix-loop-helix calcium-binding proteins, Anni. Rev.
Biochem. 58, 951—998.

Yap, K. L., Ames, J. B., Swindells, M. B., and Ikura, M. (1999)
Diversity of conformational states and changes within the EF-
hand protein superfamily, Proteins 37, 499—507.

. Szebenyi. D. M. E., Obendorf, S. K., and Moffat, K. (1981)

Structure of vitamin D-dependent calcium-binding protein from
bovine intestine, Nature 294, 327—-332.

Stemmer, P. M., and Klee, C. B. (1994) Dual Calcium Ion
Regulation of Calcineurin by Calmodulin and Calcineurin B,
Biochemistry 33, 6859—6866. .

Pauls, T. L., Durussel, L, Cox, I. A., Clark, L. D., Szabo, A. G,,
Gagne, S. M., Sykes. B. D., and Berchtold, M. W. (1993) Metal
binding properties of recombinant rat parvalbumin wild-type and
FL02W mutant, J. Biol. Chem. 268, 20897-20903.

Gross, M. D., Gosnell, M., Tsarbopoulos, A., and Hunziker, W.
(1993) A functional and degenerate pair of EF hands contains
the very high affinity calcium-binding site of calbindin-Dask, J.
Biol. Chem. 268, 20917—20992.

Burgoyne, R. D., and Weiss. I. L. (2001) The neuronal calcium
sensor family of Ca?*-binding proteins, Biochem. J. 353, 1—12.
Olwin, B. B., BEdelman, A. M., Krebs, E. G., and Storm, D. R.
(1984) Quantitation of energy coupling between Ca**, calmodulin,
skeletal muscle myosin light chain kinase, and kinase substrates,
J. Biol. Chem. 259, 10949—10955.

Johason, J. D., Snyder, C., Walsh, M., and Flynn, M. (1996)
Effects of myosin light chain kinase and peptides on Ca®
exchange with the N- and C-terminal Ca®® binding sites of
calmodulin, J. Biol. Chem. 271, 761—767.

Feng, B., and Stemmer, P. M. (1999) Interactions of calcineurin
A, calcineurin B, and Ca>*, J. Biol. Chem. 38, 12481—12489.
Kissinger, C. R., Parge, H. E., Knighton, D. R, Lewis, C. T,,
Pelletier, L. A., Tempczyk, A., Kalish, V. J,, Tucker. K. D,
Showalter, R. E., Moomaw, E. W., Gastinel. L. N., Habuka, N.,
Chen, X., Maldonado, F., Barker, J. E., Bacquet, R., and
Villafranca, J. E. (1995) Crystal structures of human calcineurin
and the human FKBP12—FK506-calcineurin complex, Nature 378,
641—644.

. Wakabayashi, S., Hisamitsu, T., Pang, T., and Shigekawa. M.

(2003) Mutations of Arg*® and Gly*>/Gly**¢ oppositely change
pH sensing of Na*/H* exchanger 1, J. Biol. Chem. 278, 11828~
11835.

Garnovaskaya, M. N., Mukhin, Y. V., Vlasova, T. M., and
Raymond. J. R. (2003) Hypertonicity activates Na*/H* exchange
through Janus kinase 2 and calmodulin, J. Biol. Chem. 278,
16908—16915.

Mukhin, Y. V., Vlasova, T., Jaffa, A. A, Collinsworth, G., Bell,
I. L.. Tholanikunnel, B. G., Petus. T.. Fitzgibbon, W., Ploth, D.
W., Raymond, J. R.. and Garnovskaya, M. N. (2001) Bradykinin
B receptors activate Nat/H* exchange in mIMCD-3 cells via
Janus kinase 2 and Ca**/calmodulin, J. Biol. Chem. 276, 17339~
17346.

Robertson, M. A.. Woodside, M.. Foskett, J. K.. Orlowski. [., and
Grinstein, S. (1997) Muscarinic agonists induce phosphorylation-
independent activation of the NHE—1 isoform of the Na*/H*
antiporter in salivary acinar cells, J. Biol. Chem. 272, 287—294.
Moor, AN, Murtazina. R, and Fliegel, L. (2000) Calcium and
osmotic regulation of the Na*/H* exchanger in neonatal ventricular
myocytes, J. Mol. Cell. Cardiol. 32, 925—936.

BI0360004



In Situ Measurements of Crossbridge Dynamics and Lattice
Spacing in Rat Hearts by X-Ray Diffraction

Sensitivity to Regional Ischemia

James T. Peaison, PhD; Mikiyasu Shirai, MD, PhD; Haruo Ito, PhD; Noriyuki Tokunaga, MD;-
Hirotsugu Tsuchimochi, PhD; Naoki Nishiura; Daryl O. Schwenke, PhD; Hatsue Ishibashi-Ueda, MD;
Ryuichi Akiyama, PhD; Hidezo Mori, MD, PhD; Kenji Kangawa, PhD;

Hiroyuki Suga, MD, PhD; Naoto Yagi, PhD

Background—Synchrotron radiation has been used to analyze crossbridge dynamics in isolated papillary muscle and
excised perfused hearts with the use of x-ray diffraction techniques. We showed that these techniques can detect regional
changes in rat left ventricle contractility and myosin lattice spacing in in situ ejecting hearts in real ime. Furthermore,
we examined the sensitivity of these indexes to regional ischemia.

Methods and Results—The left ventricular free wall of spontaneously beating rat hearts (heart rate, 290 to 404 bpm) was
directly exposed to brief high-flux, low-emittance x-ray beams provided at SPring-8. Myosin mass transfer to actin
filaments was determined as the decrease in reflection intensity ratio (intensity of 1,0 plane over the 1,1 plane) between
end-diastole and end-systole. The distance between 1,0 reflections was converted to a lattice spacing between myosin
filaments. We found that mass transfer (mean, 1.7120.09 SEM, n=13 hearts) preceded significant increases in lattice
spacing (2 to 5 nm) during systole in nonischemic pericardium. Left coronary occlusion eliminated increases in lattice
spacing and severely reduced mass transfer (P<<0.01) in the ischemic region.

Conclusions—OQur results suggest thal x-ray diffraction techniques permit real-time in situ analysis of regional crossbridge
dynamics at molecular and fiber levels that might also facilitate investigations of ventricular output regulation by the
Frank-Starling mechanism. (Circulation, 2004;109:2976-2979.)

‘Key Words: ischemia & myocardial contraction @ myosin & radiography

espile tie history of studies on crossbridge dynamics,
lower photon counts and poorer quality of diffraction
patterms obtained from cardiac muscle than skeletal and insect
flight musclesi~® have limited progress with cardiac muscle
until recently *5 Some of us used third-generation synchro-
tron radiation (SPring-8, Tapan Synchrotron Radiation Re-
search Institule) (o determine x-ray diffraction paterns in
excised, perfused rat hearts while moving systematically
across the left ventricular (LV) equator from the epicardium
through to the ventricular cavity.®
Kray diffraction patterns of cardiac muscle produce 2
equatorial-position reflections from the lattice-like arrangement
of its protein clements.? Mass transfer of myosin heads to actin
during contraction is inferred from a decrease in the integrated
1,0 reflection intensity (I;,. lattice plane containing only thick
myosin filaments) and an increase in 1,1 reflection mtensity (I, ,,
plane with thick myosin and thin actin filaments).” The myocar-
dial intensity ratio (defined as I, /1 ;) is minimal in the rigor state
and maximal n a quiescent state. 268

Furthermore, the distance between 1,0 reflection peaks (d,,
spacing) rcpresents the myosin lattice spacing, which s
inversely related to sarcomere length in isolated fibers® as
stalic myocytes maintain a conslant cell volume. Whether
decreases in myofilament spacing conuribule to increasing
Ca®* sensitivity and increased probability of crossbridge
formation at longer sarcomere lengths has been actively
debated ¥ However, it is still not known (f latlice spacing is
regulated to maintain constant lattice volume (ie, if lattice
cross-sectional area decreases with increasing sarcomere
length, then interfilament spacing must decrease) during
dynamic contractions in vive.

Recently, it was shown that the intensity ratio derived
from x-ray diffraction patterns of isolated whole hearts
decreased during isovolumic contractions with a similar
time course throughout the LV ¢ implying that crossbridge
cycling in fibers of different myocardial layers is similar
despile differences in fiber orientation and rate ol short-
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ening. However, it was not possible to follow dynamic
lattice spacing changes. In the present study, we used a
fine-focused x-ray beam to record diffraction patterns of a
localized region of the LV of ejecting rat hearts in situ and
then determined crossbridge cycling and myosin lattice
spacing.

Methods

Animals and Surgical Preparation

Anesthetized (50 mg/kg sodium pentobarbital 1P) male Sprague-
Dawley rats (Japan SLC, Hamamatsu. Japan), 9 o 10 weeks of age
(350 to 400 g), were artificially ventilated and thoractomized.
Procedures were performed according to SPring-8 guidelines for the
care and welfare of experimental animals. The heart was conlinu-
ously irrigated while the apex was raised by a manipulator paddle
and restrained by 2 superficial sutures in the LV to minimize vertical
movements. Pressure-volume loops were recorded {rom an apically
inserted 1.4F micromanometer (SPR-671 Millar Instruments) and a
1.5F conductance catheter (S-1 Medico-tech Co Ltd. Osaka)? to
determine the temporal sequence of cardiac events and hearl rate
(determined from end-diastole [ED] intervaly.

X-Ray Diffraction With Collimated

Synchrotron Radiation

Measurements were conducted at the 40XU beamline of SPring-
8.4 A collimated quasimonochromatic beam (wavelength. 0.08
nm) with a beam flux of =210’ photons per second (15 ke'V: ring
current, 60 to 100 mA) and dimensions 0.2 X 0.2 mm was focused
at an obliqie tangent o the myocardium (=3 m from the
detector). The ventilator was stopped at end-expiration 1o reduce
heart movements during measurements (+=2.1 seconds). Images
were digitally recorded at a 15-ms sampling interval with the use
of an image intensifier and a fast CCD camera.® simultaneous
with pressure-volume analog signals (1000-Hz sampling fre-
quency). Tlie beam passed through the apical myocardium be-
tween the ends of the descending branch of the left coronary
artery (LAD) and the posterior inferventricular vein. Final burn-
ing of the recorded region (higher energy levels) confirmed that
the beam only exposed fibers in the epicardium and part of the
intermediate layer (histological inspection).

Acute Ischemia Treatment

Heart baseline recordings were established, permanent ligation of the
proximal LAD was performed. and recordings were repeated 5 o 10
minutes later.

Intensity Ratio Calculations and Analyses
Integrated intensity of I, and 1, was determined from the areas
under the reflection peaks after background subtraction.® Intensity

ratio (1, /1;1) was used rather than absolute refiection intensities of

Iyhand 1 . which are influenced by changes in the quantity of fibers
sampled during contractions.? Myosin mass transfer index was
defined as the difference in intensity ratio between ED and end
systole (ES).

Results
Mass Transfer and Lattice Spacing in
Nonischemic Hearts
Intensity ratio significantly decreased during systole (in-
crease in LV pressure [LVP] and decrease in LV volume
[LVVY]) and conversely, increased during diastole under
the baseline rhythm (Figure 1a). Averaging intensity ratio

over multiple beats reduced variability during diastole in -

the otherwise sintisoidal patterns (black lines, Figure 1b).
With regard to time, d,, spacing increased continuously
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Figure 1. Relations between calculated intensity ratio, djg
spacing, LVP, and LVV obtained from an LV with the use of
x-ray diffraction. a and c, Consecutive records (15-ms inter-
vals) of intensity ratio, LVP, and LVV during the baseline (a)
and after LAD occiusion (¢) in the same heart. b and d, Aver-
age changes in intensity ratio (black lines), d,, spacing {red
lines), LVP, and LVV over the cardiac cycle between the ED
events (derived from a and c, respectively; bars indicate
SEM).

during systole and then decreased during diastole, suggest-
ing that considerable changes occur in the myofilament
spacing (red line, Figure 1b).

Intensity ratio averaged 2.80x0.11 (SEM, n=13 hearts)
at ED, and the average myosin mass transfer index was
1.71x£0.09. In all hearts, the decrease in intensity ratio
during crossbridge formation was completed before the
full extent of the d,, spacing change (2 to 5 nm between
hearts, Figure 2a). Furthermore, at any given LVV, the d,
spacing during systole was 1 to 2 nm larger than diastole
(Figure 2b).

Mass Transfer and Lattice Spacing During
Regional Ischemia

LAD occlusion reduced the intensity ratio change and pre-~
vented normal lattice spacing increase, consistent with re-
duced contractility of the ischemic region (Figure 1, ¢ and d).
Occlusion significantly increased intensity ratios atboth ED
(P<0.05) and ES (P<<0.001) in the same LV region (n=6,
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Figure 2. a and b, Average loops formed between d,; spacing,
LVV, and intensity ratio during consecutive cycles (shown in Fig-
ure 1) under baseline conditions (black symbols) and regional
ischemia (red symbols). Systolic (s) and diastolic (d) trajectories
are indicated for baseline. ¢, Mean intensity ratio at ED and ES
during baseline (black columns) and regional ischemia (open
columns; group mean=SEM). Ischemia versus baseline, paired t
test *P<0.05, **P<0.001.

Figure 2¢). Although mean heart rate was nol depressed
(34116 bpm, 4% increase) and there was only a small
decrease in mean LV ES pressure (—26.9%5.8 mm He
SEM), regional ischemia severely depressed the mass transfer
index (55% of baseline).

Discussion

Our data clearly demonstrate that current synchrotron
technology can produce sufficient energy to obtain well-
defined reflections from single exposures to enable calcu-
lation of intensity ratio and d,, spacing in in situ rat hearts
(Figure 1). The mean ED intensity ratio of this study is
similar to 2.96 obtained from LV in arrested rat hearts
under normoxic perfusion.® Furthermore, in rat papillary
muscles, the resting ratio was 3.07.%2 The results presented
here were restricted to epicardial recordings (within
0.8-mm depth), consisting of helically orientated fibers, to
minimize the contributions from fibers with orientations
that vary at greater depth.'t Nevertheless, it was recently
established that neither diastolic intensity ratio nor mass
transfer varies with depth of x-ray beam penetration in
beating, perfused hearts (paced at 2 Hz).¢

In Situ Changes in Myofilament Spacing

We showed that significant lattice expansion occurs during
contraction and that the relation between d,, spacing and
intensity ratio is not linear but a loop in nonischemic hearts
(black lne, Figure 2a). The d,, spacing changes during
contraction (2 to 5 nm) were larger than the 1-nm’ differ-
ence m d,, spacing reported between the epicardium and
endocardium (at diastole).¢ Therefore, the larger d,, spac-

‘ing change found in ejecting hearts cannot be explained by .

shifts in the fiber layers exposed to the beam. The loop
formed by these indexes might contain valuable informa-
tion about how crossbridge axial and radial forces alter the

~--dynamics of lattice spacing changes. Crossbridge proj-

ections from the myosin backbone produce radial force

perpendicular to that of axial force in the filament direc-
lion.'? Release of isometric tension in intact skeletal
myofibers during sarcomere shortening causes a brief and
rapid lattice spacing increase, in excess of that predicted
by fiber shortening in itself.’21* We therefore conclude
that lattice volume is not constant in the dynamic state
because myosin lattice spacing is significantly larger (1 to
2 nm) during contraction than ventricular filling at the
same LVV (d,, spacing during systole greater than dias-
tole, Figure 2b). Crossbridge formation probably causes a
brief lattice expansion in ejecting hearts mediated by radial
forces.

Sensitivity of In Situ Indexes to Regional Ischemia
The relevance of our new findings is that although the
intensity ratio of beating hearts in diastole was similar 1o
that of relaxed papillary muscles, there is a very different
response of the myocardium in beating hearts o ischemia
in terms of crossbridge dynamics and lattice space
changes. Higher intensity ratios and more variable inten-
sity ratio changes during systole (Figure 1, ¢ and d)
occurred as the result of lower absolute 1, in systole and
a lack of consistent increase in 1, when 1, decreased (data
not shown). Thus, permanent regional ischemia severely
attenuated mass transfer in the epicardium (Figure 2c).
Furthermore, ischemia induced increases in ED intensity
ratio in vivo, whereas other studies report maximal de-
creases in the intensity ratio under anoxic perfusion
(isolated arrested hearts)® or rigor.t? An increase in
intensity ratio might be related to metabolite accumulation,
or pronounced passive swetching, because fiber shortening
in infarcted regions progressively decreases until fibers
eventually become passively stretched (bulging) by fiber
shortening in the nonischemic region.' In support of the
bulging possibility, we found that d,, spacing no longer
increases between ED and ES after occlusion.

The cellular basis of the Frank-Starling law of the heart
involves increases in contractility caused by length-
dependent increases in Ca®* sensitivity associated with
increased ventricular filling.® However, it is still debated
whether increased crossbridge activation results from in-
creased probability of crossbridge formation with decreas-
ing lattice spacing associated with fiber streiching (see
review in Reference 9). In a future publication, we will
examine how LV volume loading influences mass transfer
in relation to myofilament spacing and length-dependent
activation of contraction in situ.
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Abstract

A fundamental study on quasi-parallel radiography using a polycapillary plate and a
copper-target x-ray tube is described. In the experiments, the tube voltage was regu-
lated from 12 to 22 kV, and the tube current was regulated within 3.0. mA. by the fila-
ment temperature. The exposure time was controlle_:d- in order to obtain optimum x-ray
intensity, and the maximum focal spot dimensions were approximately 2.0 X 1.5 mm.
The thickness and the inner capﬁléry tube diameter of the polycapillary were 1.0 mm
and 25 um, respectively. Monochromatic x-rays were produced using a 10 um-thick
nickel filter with a tube voltage of 17 kV, and these rays were formed into quasi-

parallel beams by the polycapillary. The radiogram was taken using a computed

*EFERREHETWEZER (7T020-0015 SFEBFFATARES-16-1) : Department of Physics, Iwate
Medical University
e-mail: msagae@iwate-med.ac.jp
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radiography system utilizing imaging plates. In the measurement of image resolution, the spatial
resolution hardly varied according to increases in the distance between the resolution-test chart and
imaging plate using a polycapillary. A 50 um tungsten wire could be obseljved, and fine blood ves-
sels -of approxirhately 100 pm were visible in angiography.

Recetved Jan. 77, 2004; revision accepted Jul. 5, 2004

1. Introduc’ti.’d{r'i'

Monochrom;tidparallel radiography typically utilizes a synchrotron in conjunction with silicon
single crystalls. and1t has been applied in x-ray phase imaging R has also been applied in high
contrast m1cro ang1ography ? because x-rays with energies of apprommately 35 keV are absorbed
effectively by the iodine-based contrast medium.

In order to pr oduce monochromatic x-rays without using the synchrotron we developed a molyb-

denum x-ray tube® with a transmission- -type molybdenum target, Wthh' sed as a monochromatic

filter for absorbing bremsstrahlung x-rays. In addition, from weakly 1on1zed hnear plasma, we found
9-12) -

irradiations of:intense and sharp chalactenstm X-1ays

- Recently, several:different x-ray lenses "> have been developed and" a polycapﬂlaly plate ® has
been shown to be useful to perform quasi-parallel radiography with lower photon:energy. For this,
the plate thickness is about 1 mm, and it is very difficult to design a thicker plate due to technical
limitation for-increasing the strait capillary length.

“In - biomedical-radiography, because the image processing can be done easily with a Computed
Radiography(CR) system 161 utilizing imaging plates, the CR system is useful for monochromatic
parallel radiography, regardless of Whethef the image resolution falls as compared with an x-ray
film; ‘the spatial resolution is primarily determined by the minimum sampling pitch of 87.5 um,

' ' Ferrite core In this article, we describe a monochromatic

quasi-parallel radiography system utilizing a

Filament

polycapillary plate with an inner capilliary di-
power supply

ameter of 25 um, a CR system, and a copper-
// Fiﬁlfz}ment

target radiation tube to realize a low-priced x-ray
X-ray tube e

system utilizing an x-ray lens.

.2. Experimental "se‘tup

{' E ’ v Figure 1 shows the circuit diagram of the x-

/
"/ . : . . .
Anode (copper target) ray generator, which consists of a negative high-

Negative voltage power supply, a filament (hot cathode)
high-voltage

X-ray power supply

power supply, and a copper-target x-ray tube.

The negative high voltage is applied to the
% cathode electrode, and the anode (target) is con-

Fig. 1. Circuit diagram of the x-ray generator.  potod 1o the' ground. In the experiments, the
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Copper target

Filament

Beryllitim window

X-ray 1.08 m

Capillary

Polycapillary
plate N

Fig. 3. Polycapillary plate.

it

tube voltage was regulated from 12 to 22 kV, and
S e 80 mm the tube current was regulated by the filament

temperature and ranged from 1.0 to 3.0 mA. The

Lead plate exposure time was controlled in order to obtain op-
Fig. 2. Experimental setup for polycapillary timum x-ray intensity.
imaging utilizing a CR system. The experimental setup for performing poly-

capillary imaging is shown in Fig. 2. Monochromatic x-rays:were produced using a 10 gm-thick
nickel filter, and these rays were formed into quasi-parallel beams by a polycapillary plate (Fig. 3).
The polycapillary plate was J5022-21 (Hamamatsu Photonics Inc.), and the plate thickness was 1.0
mm. The outer, effective, and inner capilliary diameters were. 87 mm, 77 mm, and 25 um, respec-
tively. Radiography was performed by a CR system (Konica :Regius 150) utilizing imaging plates.
The distance between the x-ray source and the polycapillary was 1.08 m, and the polycapillary plate
was set on an aluminum plate. The distance between the polycapillary and imaging plates was regu-
lated by the height (30 mm) of the polymethyl methacrylate (PMMA) spacers used.

V: Tube voltage .

T: Exposure time 3. Characteristics

Tube current=1 mA )
3.1. Focal spot

In order to measure images of the x-ray

v

source, wé employed the CR system, a pinhole
camera with a hole diameter of 50 um, and a
filter (Fig. 4). When the tube voltage was in-

creased, the focal spot intensity increased;

spot dimensions also increased slightly and

, i X
Fig. 4. Images of the x-ray source measured using were approximately 2.0 X 1.5 mm.

a b0 um-diameter pinhole while changing
~+--____the tube voltage.
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Fig. 5. Measured x-ray spectra while changing the tube voltage.

3.2. X-ray spectra

Monochromatic

‘ "ay spectra from the copper-
target tube were m ‘§ured by a transmission-type
spectrometer with ahth1um fluoride curved crystal
0.5 mm in thickngés{_v’l‘he spectra were taken by
the CR system Wltha wide dynamic range, and
relative x-ray intensity was calculated from Dicom
digital data. Fig. 5 shows measured spectra from
the copper target. When the tube voltage was in-
creased, the characteristic x-ray intensity of Ka

lines increased.

4. Radiography
The monochromatic radiography was performed
- with a tube voltage-of 17 kV using the filter.
Figure 6 shows rddidgraphy for imaging a
polycapﬂlary plate_,’f'and radiograms of the
polycapillary are shown in Fig. 7. The center
of the black spot in the polycapillary radio-
gram was mainly iméged by direct transmis-
sion beams through capillary holes. As shown
in this figure, the spot dimensions increased
slightly according to decreases in the PMMA

spacer height.

80 mm

T
[z

X-ray

d

Polycapillary plate

- 1 mmthick

: L aluminum plate
Imaging plate

| PMIMA spacer

Lead plate

Fig. 6. Radiography for imaging a polycapillary
plate while changing the distance be-
tween the polycapillary and imaging
plates using PMMA spacers.

H=60 mm

H: PMMA spacer height

H=30 mm H=0 mm

60 mm
Gpommersemsrsemssensssessrartriar

Radiography for imaging a test chart for

determining image resolution, and the radio-

Fig. 7. Radiograms of a polycapillary plate while
changing the PMMA height.
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grams of 166 um width lead lines, are shown in Figs. 8 and 9; respectively. Both the image resolu-
tion and the line contrast fell with decreases in the spacer height. Figure 10 shows the polycapillary
radiography for imaging the test chart; the polycapillary was set on the aluminum plate. With this
radiography system, we obtained higher contrast lines as compared with those in Fig. 9. When the
spacer height was increased, the image resolution hardly varied, and the image dimensions
decreased slightly (Fig. 11). '

Figures 12 and 13 show radiography and the radiogram of tungsten wires on a PMMA box,
respectively. Although the image contrast increased with increases in the wire diameter, a 50 um-
diameter wire could be observed. The angiography for a rabbit heart is shown in Fig 14; iodine-
based microspheres of 15 um diameter were used, and fine blood vessels of about 100 um were
visible (Fig. 15).

166 p fead fnes
7

X .1 mm-thick
alnminam plate

o

Attachmé'gt : .
Imaging plate Resolution-test chart

80 mm

PMMA spacer

2 Lead plate
3 : H=60 mm H=30 mm H=0 mm

Spacer height

' FE: PMMA spacer height

Fig. 8. Radiography for imaging a test chart

according to the PMMA spacer height. Fig. 9. Radiograms of a test chart according to

the PMMA height.

X-ray 166 1071 lines

L. =

Polycapillary plate

e e y .
.. 1 mmi-thick

™., alominum plate
Attachment . ]
| Imaging plate Resolution-test chart
80 mm | B

PMMA spacer

707 Lead plate

éwhg}gm H=60 mm H=30 mm H=0 mm
Fig. 10. Radiography for imaging a test chart : H: PMMA spacer height
using a polycapillary plate according '
to the PMMA height. Fig. 11. Radiograms of a test chart using the poly-
capillary plate according to the PMMA
height
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X-ray

1 mm-thick
alumi_gmm

T,
-y

Polycapilia.;:y plate i

1 mm-thick
PMMA disk

PMMA pipe

Imaging plate

Fig. 12. Radiogféﬁhy for imaging tungsten
wires using the polycapillary.

X-ray

1 mm-~thick
alu mi}} um

o

Poiycapﬂla_{y piaté ' i

80 mm

Lead plate
Fig. 14. Angiography using. iodine-based

microspheres of the heart extracted
from a rabbit.

5. Discussion

Fig. 13. Radiograms of tungsten wires.on a

20 mm

b
oy

Fig. -15. Angiogram of the heart using the
polycapiliary. ‘

In this research, we carried out parallel radiography using a polycapillary plate in conjunction
with monochromatic x-rays, and we obtained higher image resolutions as compared with those
: obtained without using the plate. Currently, the image resolution of the polycapillary is primarily
determined by the inner capilliary diameter and the thickness, and it is improved with decreases in

the diameter and increases in the thickness. In ecases where the CR sysfem is employed, although

the resolution of the CR system is primarily determined by the minimum sampling pitch of 87.5 um,

we could observe 50 um tungsten wires.

. The photon energies of the characteristic x-rays are determined by the target element, and the
capillary thickness should be increased according to increases in the photon energy because the

transmission intensity through capillary glass increases. Subsequently, in order to increase the
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_ parallelity for phase imaging, single crystals should be employed after passing the x-ray beam
through the polycapillary. '

Since it is possible to increase the irradiation field by increasing the distance between the x-ray
source and the polycapillary; this system can be applied to image a wide variety of objects in various

fields, including medieél-radiography.
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Optimal Windows of Statin Use for Immediate Infarct Limitation

5'-Nucleotidase as Another Downstream Molecule of
Phosphatidylinositol 3-Kinase

Shoji Sanada, MD, PhD; Hiroshi Asanuma, MD, PhD; Tetsuo Minamino, MD, PhD;
Koichi Node, MD, PhD; Seiji Takashima, MD, PhD; Hiroko Okuda, PhD;
Yoshiro Shinozaki, MD, PhD; Akiko Ogai, PhD; Masashi Fujita, MD; Akio Hirata, MD;
Jiyoong Kim, MD; Yoshihiro Asano, MD, PhD; Hidezo Mori, MD, PhD;
Hitonobu Tomoike, MD, PhD; Soichiro Kitamura, MD, PhD;

Masatsugu Hori, MD, PhD; Masafumi Kitakaze, MD, PhD

Background—Although stating are reported to have a cardioprotective effect, their immediate direct influence on
ischemia-reperfusion injury and the underlying mechanisms remain obscure. We investigated these issues an in vivo
canine model.

Methods and Results—Dogs were subjected to coronary occlusion (90 minutes) and reperfusion (6 hours) inumediately
afier injection of pravastatin (0.2, 2, or 10 me/kg), pitavastatin (0.01, 0.1, or 0.5 mg/kg), or cerivastatin (0.5, 5, or 50
wmg/kg). Then myocardial phosphatidylinositol 3-kinase (PI3-K) and 5'-nucleotidase activities were measured, as well
as infarct size. Afier 15 minutes of reperfusion, pravastatin caused dose-dependent activation of Akt and ecto-5'-
nucleotidase in the ischemic zone, and the effect was significant at higher doses. Pitavastatin also significantly increased
these activities, and its optimal dose was within the clinical range, whereas cerivastatin caused activation at the lowest
dose tested. In all cases, both Akt and ecto-5'-nucleotidase showed activation in parallel, and this activation was
completely abolished by wortmannin, a PI3-K inhibitor. The magnitude of the infarct-limiting effect paralleled the
increase in Akt and ecto-5'-nucleotidase activity and was blunted by administration of wortmannin, «, 3-methyleneaden-
osine-5'-diphosphate, or 8-sulfophenyltheophylline during reperfusion. Both collateral flow and the area at risk were
comparable for all groups.

Conclusions—Activation of ecto-5'-nucleotidase after ischemia by PI3-K activation may be crucial for immediate
infarct-size limitation by statins. There seems to be an optimal dose for each statin that is independent of its clinical
cholesterol-lowering effect. (Circulation. 2004;110:2143-2149.)

Key Words: stating m myocardial infarction ® adenosine @ enzymes 8 phosphates

he 3-hydroxy-3-methylglutaryl coenzyme A reductase

inhibitors (statins) block the biosynthess of cholester-
ol! and are widely used clinically to decrease serum
cholesterel levels. Recent studies have focused on the
pletotropic effects of either hydrophilic®# or hydropho-
bict? statins, which are independent of their cholesterol-
lowering cffect.?*5 Protection against ischemia-
reperfusion mjury is one of them, which is particularly
evident afier 12 houwrs. 67 [n addition, some studies showed
that staling activate the phosphatidylinositol 3-kinase (PI13-
KY Akt pathway within | hour,®® as well as activating
endothelial nitric oxide synthase (eNOS)®1¢ to cause
immediate mfarct limitation.?

On the other hand, other studies revealed that statins also
acutely acuvate eclo-5'-nuclentidase.” which produces the
endogenous cardioprotective substance adenosine,!? espe-
cially in response to certain stresses.'® Loto-5'-nucleotidase
can act only when localized on the cell membrane,!* and the
density of this enzyme on the membrane regulates s activ-
ity 184+ Endocytotic wrnover of ecto-5"-nucleotidase (3'-
nucleatidase localized on the cell surface) is inhibited by
PI3-K activation,** which subsequently increases total 5'-
nucleotidase activity within a period as short as 10 minutes, 14
Therefore, we hypothesized that an ncrease of ecto-5'-
nucleotidase acuvity might be critical for early cardioprotec-
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tion mediated by statins and might be associated with rapid
activation of PI3-K.

Here we used a dog model to determine whether 3 stating
with different water solubilities (pravastatin, pitavastatin, and
cerivastatin} could acutely lmit infarct size, as well as
whether adenosine and PI3-K were involved in the underly-
ing mechanism.

Methods

All procedures were perfonmed in conformity with the Guide jor the
Care and Use of Laboraior: Animals (N13 publication No. 85-23,
1996 revision) and were approved by the Osaka University Com-
mittee for Laboratory Animal Use. Pravastatin. pitavastatin, and
cerivastatin were obtained from Sankyo. Kowa. and Takeda Phar-
maceuticals. respectively. The other drugs were obtained from
Sigma.

Instrumentation

Beagle dogs weighing 8 0 13 kg were anesthetized and connected o
an extracorporeal bypass tube as described previously.!516 Iy all
experiments, the average baseline values of mean aortic blood
pressure (ABP). heart rate (HR). and arterial blood Po, were
102222 mm Hg, 129£2.5 min™". and 109%4.1 mm Hg, respec-
tively. Both ABP and HR were measured confinuously during the
study.

Experimental Protocols

Protocol 1: Measurement of Infurct Size and Myocardial
Collateral Blood Fiow

After hemodynamic stabilization. we infused pravastatin (0.2, 2. or
10 mg/kg). pitavastaun (0.01. (0.1, or 0.5 mg/kg). cerivastatin (0.5, 5,
or 50 pg/kg) or saline intravenously for 10 minutes before 90
minutes of sustained ischemia. which was followed by 6 hours of
reperfusion (1=9 o 13 cach). Some groups also received intracoro-
nary administration of a selective ecto-5'-nucleotidase inhibitor
(e, B-methyleneadenosine-3' -diphosphate [AMP-CP: R0 pg - kg™' -
min~'): a nonselective adenosine receplor anlagonist (8-
sulfophenyltheophylline [8-SPT: 50 pg - k™' - min™']); or a
selective PI3-K inhibitor (wortmannin [1.5 pg + kg™ - min™'})
between 5§ minutes before and 60 minutes after reperfusion. We
measured infarct size and regional myocardial collateral blood flow
during 90 minutes of ischemia as described previously. s

We have already confirmed in the same model that the doses of
AMP-CP7 §-SPTJ78 or wortmannin® used in this study were
appropriate to block ecto-5"-nucleotidase. the adenosine receptors. or
PI13-K. respectively. Figure 1 shows the details of this protocol, and
the Table lists all of the groups studied.

Protocol 2: Myocardial Engyme Assays

Another 54 dogs underwent a procedure identical to that of some
groups from protocol T and were studied for enzyme assays (m=3 or
4 each). In this protocol, not only wortmannin (1.5 pg - kg™ - min™)
but also LY294002 (60 pg - k™'« min™") was used as another
selective P13-K inhibitor. After 15 minutes of reperfusion. a myo-
cardial tissue sample was obtained from the ischemic border zone to
ensure evaluation of viable ischemic myocardivm and was used for
the measurement of P13-K and ecto-/endo-5'-nucleotidase activity.
The myocardial tissue was rapidly frozen in LN, and stored at
—80°C. Measurement of PI3-K and 5'-nucleotidase activity was
done as reported previously!$J¢ with minor modifications.

Criteria for Exclusion »
To ensure that all of the animals included in analysis were healthy
and were exposed to a similar extent of ischemia. the exclusion
criteria reported previously!s for hemodynamics. excessive collateral
flow, and lethal archythmia were adopted.

Statistical Analysis

Results were expressed as mean=SEM. and the number of animals
or experiments is shown as n. Statistical analysis was performed by
ANOVA with a modified Bonferroni post hoe test. and significance
was defined at P<<0.05.

Results

Mortality and Exclusions in Protocol 1

Among 222 dogs used in protocols 1, 56 dogs met the
exclusion criteria of ventricular fibrillation or excessive
myocardial collateral blood flow (>15mL - 100 g™' - min™").
Therefore, 166 dogs completed these protocols satisfactorily
and were included in the data analysis (Table).

Changes in Hemodynamic Parameters, Risk Area,
and Collateral Blood Flow in Protocol 1

The changes in ABP and HR- were comparable among all
groups throughout the protocol (data not shown), and both the
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TABLE 1.
in Protocol 1

Acute Cardioprotection by Statins and Adenosine

2145

Mortality, Exclusion, Area at Risk, and Collateral Flow in Each Group

Excluded

Lethal Arthylinnia

Excessive Collateral
Initial  During | After Collaleral  Final  Areaal  Flow, m/100 ¢

Groups No.  schemia Repetfusion Flow No.  Risk, % per minute
Control 13 1 2 1 9 40121 8.2:x1.0
Prava

0.2 9 0 1 0 8 38.82.0 8.4x1.2

2.0 10 8 0 2 8 391022 8.9: 1.1

10 10 0 0 2 8 39.6x241 8.9=x14
Pilava

0.01 9 1 1 0 7 387=22 8.1+1.3

0.1 11 a 1 2 8 39.3=240 9215

0.5 10 1 0 2 7 39.9=1.9 8.8+1.5
Cetiva

0.5 11 a 1 2 8 39.2=1.9 8.5%+1.3

5.0 10 1 1 1 7 388=24 87=14

50 11 0 1 3 7 39.0 20 9.141.5
AMP-CP

“+Prava 10 9 i} 2 0 7 40.4=2.3 8.6x1.3

+Pitava 0.1 ] 0 1 1 7 39.822.0 8.4=15

-+ Cetiva 0.5 g 1 1 0 7 404223 90x14
8SPT

+Prava 10 10 0 1 1 8 38.7=2.2 8.3x1.3

+Pitava 0.1 11 1 2 0 8 399=21 82:1.6

+Ceriva .5 11 0 2 1 8 38.4=26 85x15
WTMN
© +Prava1d 10 0 2 1 7 386=2.3 95+15

-+Pitava 0.1 14 g 2 0 8 38.8=2.1 92=x186

+Ceriva 0.5 10 0 1 1 8 39.8=28 8814
AMP-CP 9 i 2 0 7 38.8=25 8.5=1.6
8SPT 1 0 3 0 8 39.6=25 8.2x15
WTMN 9 - 1 2 0 6 40523 8.6x16

Data expressed as mean==SEM. Prava indicates pravastatin (mg/kg): Pitava, pitavastatin (mg/kg):
Ceriva, cerivastatin (1.g/kg); 8SPT, 8-sulfophenyltheophilline; and WTMN, wortmannin.

area at risk and collateral blood flow were also comiparable
(Table).

Infarct Size
Figure 2 shows infarct size in the groups of protocol 1.

the infarct size (29.5%3.5%, 22.5+4.0%, and 18.8::3.4%,
respectively) compared with that in the control group
(39.8%3.6%), and the difference was significant at 2 mg/kg
or more. Pitavastatin (0.01; 0.1, and 0.5 mg/kg) also reduced
mfarct size (32.9%3.9%, 23.6%23.8%, and 31.4=3.9%, re-
spectively), although the optimal dose was 0.1 mg/kg {the
only dose that produced a significant difference). Although
cerivastatin (0.5, 5, and 50 pg/kg) caused infarct limitation
(26.2%3.2%, 32.1£53%, and 37.124.4%, respectively);- it
was significant at the lowest dose only, and the effect was

weaker at higher doses. Furthermore, cotreatment with AMP-
CP, 8-SPT, or wortmannin between 5 minutes before and 60
minutes afer reperfusion abrogated the infarct-limiting effect
of pravastatin (39.9+4.0%, 42.624.0%, or 38.6%3.6%, re-
spectively), pitavastatin (40.4=3.1%, 39.4%3.6%, or
39.1£3.1%, respectively), and cerivastatin (41.1%3.7%,
42.123.9%, or 40424.0%, respectively), although- these
drugs per se did not affect infarct size (42.7%4.5%,
40.323.5%, or 42.7x4.5%, respectively).

5'-Nucleotidase Activity at Reperfusion

Figure 3 shows the activity of ecto-/endo-5"-nucleotidase in
protocol 2. Sustained ischemia for 90 minutes and 15 minutes
ol subsequent reperfusion did not significantly change the

activity of ecto-5'-nucleotidase (41.0+5.7 versus 33.2+1.2
nmol - mg protein™’ - min™' at baseline). Preischemic treat-
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Figure 2. Infarct size in each group in protocol 1. Data are
expressed as mean=:SEM. *P<0.05 vs control. Open circles
show infarct size in each individual. Prava indicates pravastatin;
Pitava, pitavastatin; and Ceriva; cerivastatin. All other abbrevia-
fions are as defined in text.

ment with pravastatin caused a dose-dependent and acute
increase of ecto-53'-nucleotidase activity in the ischemic zone,
which became significant at the highest dose (72.626.0 nmol
- mg protein™! “hat 10 mg/kg, P<<0.05 versus control).
Pitavastatin also caused significant activation at its optimal
(medium) dose (66.7+6.1 nmol - mg protein™ - min™ at 0.1
mg/ke, P<<0.05 versus control). Cerivastatin caused activation at
the lowest dose (62.5%5.6 nmol - mg protein™ - min™ at 0.5
pofka, P<0.05 versus control). All of these increases were
canceled by the selective PI3-K inhibitors wortmannin
(39.5=6.8 nmol - mg protein ™" - min™! for pravastatin, 37.0=7.1
' min! for pitavastatin, and 38.4=6.5 nmol

©min

nmol - mg protein”

~mg protein”’ - min™' for cerivastatin) or 1,Y294002 (33.5+6.5
nmol - mg protein”’ - min~' for pravastatin, 35.0=6.2 nmol - mg
|

protein™ - min™' for pitavastatin, and 37.5%6.7 nmol - mg

w
3

(&)

- N
N R
:

(O
3}

0

& OO

& Yl Y

&£ & P A @roQ,\‘\'b

SERP Q‘q\@ PG F o & o £ L
x

9 L P e

Akt Phosphorylatad Ratio {Arbitrary Unit}

?

x
Q o
A o’ 7 @
KL A GRS
g &R &S
¢ Q@

Figure 4. Myocardial PI3-K activity represented by phosphory-
lated ratio of Akt in each group in protocol 2. Data are
expressed as mean=SEM. n=4 each, *P<0.05 vs control.
Abbreviations are as defined in text and in legend to Figure 2.

protem™ - min™' for cerivastafin). The activity of endo-5'-
nucleotidase remained unchanged in all cases.

PI3-K Activity at Reperfusion

Figure 4 shows the activity of PI3-K in protocol 2. Sustained
ischemia for 90 minutes and subsequent reperfusion for 15
minutes did not change PI3-K activity significantly
(123%23% versus 100x14% at baseline). Preischemic treat-
ment with pravastatin caused dose-dependenmt and acute
activation of ecto-5'-nucleotidase in the ischemic zone, which
was significant at the highest dose (249%=44% at 10 mg/ke,
P<0.05 versus control). Pitavastatin also caused significant
activation at its medium dose (218£34% at 0.1 mg/ke,
P<0.05 versus control), whereas cerivastatin caused activa-
tion at the lowest dose (214x31% at 0.5 pglkg, P<0.05
versus control). We confirmed that all of these increases were
also blocked by wortmannin (81x£38% for pravastatin,
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Figure 3. Myocardial ecto~/endo-5'-
nucleotidase activity in each group in
protocol 2. Data are expressed as
mean=SEM. n=4 each, *P<0.05 vs con-
trol. Abbreviations are as defined in text
and in legend to Figure 2.
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77+32% for pitavastatin, and 76=39% for cerivastatin) or
LY294002 (69=23% for pravastatin, 70=27% for pitavasta-

tn, and 68 =21% for cerivastatin).

Discussion
The present study demonstrates that several statins provide
immediate infarct limitation of different magnitudes and at
different optimal doses. Our résults also suggest that activa-
tion of ecto-5"-nucleotidase through the activation of PI3-K
after ischemia was involved in this cardioprotective mecha-
nism of statins.

Cholesterol-Lowering Effects and Immediate
Infarct Limitation of Statins

In this study, we set the doses of stating in line with their
clinical cholesterol-lowering properties. In Japan, the stan-
dard clinical doses to obtain a 20% to 30% reduction of total
plasma cholesterol levels were 10 mg/d for pravastatin, 2
me/d for pitavastatin, and .15 me/d for cerivastatin. Qur
preliminary tials in the same dog model revealed that a
single intravenous injection of 0.2 mg/kg pravastatin, 0.1
me/kg pitavastatin, or 5 pg/kg cerivastatin approximated the
clinical cholesterol-lowering dose based on the maximal
plasma concentration of each statin (data not shown). Be-
cause (1) the maximal infarct limitation was achieved by a
higher dose of pravasiatin than the clinical dose, whereas the
dose was similar to the clinical dose for pitavastatin and
lower for cerivastatin, and (2) these statins showed early
cardioprotection within 2 hours of administration in this
model, it is strongly suggested that the magnitude of imme-
diate infarct limitation by each statin 1s not correlated with its
cholesterol-lowering effect.

Existence of Optimal Cardioprotective Doses for
Each Statin

In the present report, we have directly shown that pitavastatin
has the optimal dose to reduce infarct size. Obviously, there
is also an optimal dose for cerivastatin under the lowest dose

we tried, because infarct size with far lower doses of

cerivastatin near zero will converge with those of control
levels. In the case of pravastatin, our additional experiment,
within the limitation with regard to the total amount of the
drug we could obtain, showed that 100 mg/kg pravastatin
administered in the same manner as in protocol 1 exerted
similar (but a slightly weaker) magnitude of reducing infarct
size (20.9%4.5%, n=35) compared with that achieved with 10
ma/kg of this agent. Although we could not show direct
evidence in this case, it would at least not deny the possibility
for the existence ol an optimal dose of pravastatin. Further-
more, other reports also showed the existence of an optimal
dose of atorvastatin for infarct limitation® or of simvastatin
for PI3-K activation.’ Taken together, the existence of opti-
mal doses should be ubiquitous among all (or at least all
hydrophobic) statins.

Although direct exhibition of the reason {or this phenom-
enon remains unclear in this study, there might be some
reasons to regulate the respective optimal windows for each
statin, eg, differences in the ability to attenuate inflammatory
response or in the potency of direct absorption into cellular

Acute Cardioprotection by Statins and Adenosine 2147

membrane to modulate intracellular signaling systems. In
addition, our present finding that infarct limitation completely
paralleled the activation of PI3-K leads us to hypothesize that
the lesser effects by the higher doses of statins should be
regulated upsweam of PI3-K. One possibility is that all
hydrophobic statins can dose-dependently activate apoptosis-
related signals,?! which might also explain the wide range of
higher cardioprotective doses for pravastatin specifically.
Finally, additional studies will need to be performed to obtain
direct evidence.

Cardioprotective Mechanisms

Qur observations that (1) activation of PI3-K and ecto-5'-
nucleotidase was coincident with a substanuial limitation of
infarct size, (2) either wortmannin or AMP-CP abolished
cardioprotection by all 3 statins, (3) different P13-K inhibitors
at reperfusion actually inhibited PI13-K activity (Figure 4) and
subsequently reduced ecto-3'-nucleotidase activity (Figure
3), and (4) our preliminaty documentation that PI3-K inhibi-
tion by either wortmannin of LY294002 before ischemia did
not abolish the infarct limitation by stating in the present
study (n=4 or 5, data not shown), together suggest that
infarct limitation in this model was linked to the activation of
PI3-K during reperfusion, not before ischemia, followed by
ecto-5'-nucleotidase activation.

In this study, we did not determine the exact mechanism of
how PI3-K activates ecto-5"-nucleotidase. Although we have
previously reported that phosphorylation of ecto-5'-
nucleotidase might be crucial ®? other mechanisms may also
be involved, such as endocytotic turnover.'” In addition,
although we did not evaluate real-time regional myocardial
production of adenosine in each group, treatment with a
potent adenosine receptor antagonist (8-SPT) during reperfu-
sion also blunted infarct limitation by statins along with the
inhibition of ecto-5'-nucleotidase, further suggesting that
cardioprotection against ischemia-reperfusion injury via ecto-
S'-nucleotidase activation might be mediated by an increase
of adenosine, the main product of ecto-5'-nucleotidase!-13.22
However, other implicated mechanism of enhanced activation
of the adenosine receptor (eg, increased receptor sensitivity)
should be determined by future studies.

Possible Link Between Cardioprotection by
Adenosine and NO
Previous studies support our present findings that statins
rapidly activate the PI3-K/Akt pathway,®® and we obtained
another preliminary finding that the cotreatment with N“-
nitro-L-arginine methyl ester (10 pg - k™' - min™") in the
same manner as in protocol 1, which we confirmed did not
affect baseline infarct size in the present model,? blunted the
infarct limitation by pravastatin (36.8%4.1%, n=7), pitavas-
tatin (39.9%3.9%, n=6), and cerivastatin (42.6=4.6%, n=3).
Therefore, there is a possibilit.y that ecto-5'-nucleotidase and
NO act in series to cause statin-induced cardioprotection.
Although elucidation of a direct effect should be the {ocus
of future studies, there are at least 2 lines of evidence to
support the explanation that adenosine and NO synergisti-
cally caused infarct limitation in this study. First, NO directly
exerts cardioprotection?: NO inhibits cell-to-cell adhesion,
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such as that between platelets?® or between neutrophils and
endothelial cells,227 by reducing expression of P-gelectin,?”
E-selectin, and intercellular adhesion molecule-1,%* which
leads to attenuation of the inflammatory response??--2% or
protects against ischemia-reperfusion injury.**—*% In addition,
NO is reported to inhibit’ caspase-3 activity and to block
apoptosis of cardiac myocyles.?® On the other hand, adeno-
sine algo rescues injured myocardium through activating
adenosine receptors.!®¥0-32 Either administration of adeno-
sine or enhancement of endogenous adenosine release during
reperfusion after sustained ischemia limits infarct size.!17
We and others have shown that (1) adenosine receptor (A,
and A,) activation improves contractile dysfunction after
reperfusion,' (2) inhibition of norepinephrine release from
the presynaptic vesicles and attenuation of calcium influx
occur through the A, receptor and the coupled inhibitory G
protein,?*3 (3) inhibition of platelet aggregation and leuko-
cyle activation occurs through the A, receptor and the

coupled stimulatory G protein,™=3¢ and (4) activation of

extracellular signal-regulated kinase, one of the reperfusion
injury survival kinase pathways,?7 takes place during reper-
fusion through the A; receptor.?® Therefore, either adenosine
or NO similarly and potentially protects injured myocardium
through multiple pathways.

Second, recent articles have shown thal either adeno-
sine?®-40 or NO% can reactivale PI3-K downstream. How-
ever, increasing the production of both agents is known to
negatively regulate further increases of production of these
molecules, 2% suggesting the requirement of both pathways
to confer sufficient cardioprotection in the physiological
system. Taking all of these together, it is likely that adenosine
and NO synergistically confer the statin-derived immediate
cardioprotection shown in this study.

In conclusion, our findings suggest the cellular mechanism
by which stating attenuate myocardial injury, which may
indicate the possibility of acute protective therapies [for
ischemia and associated myocardial stresses.
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