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Figure 5. A, Western blotting for MMP-2 and ANP of sham-
operated heart and hearts with 4-week-old Ml. B, Densitometry
of MMP-2 (left) and ANP {right). C, Cardiomyocyte size in sham-
operated control hearts and hearts with 4-week-old MI.
*P<0.05, significant difference compared with sham; #P<0.05,
significant difference compared with the LacZ-treated MI group.

Ten Days After MI

By 10 days after MI, the infarcted areas were composed of
granulation tissue, and TUNEL assays indicated that apopto-
sis was ongoing in both the LacZ- and sTBRII-treated groups.
However, the incidence of TUNEL-positive cells was signif-
icantly smaller in the sTBRII-treated than in the LacZ-treated
group (Figure 6A1 to 6A3). Moreover, double-immunofluo-
rescence assays (TUNEL followed by anti-Flk-1 or anti—
SMA antibody) revealed that within the sTSRIl-treated
group. the incidence of apoptosis was reduced among myo-
fibroblasts/smooth muscle cells (Figure 6B1 and 6B2) but not
among endothelial cells (LacZ, 3.5£0.5% versus sTBRII,
3.5%0.2%: P=NS), which suggests that sTBRII may specif-
ically inhibit apoptosis among myofibroblasts. TUNEL-
positive cardiomyocytes were extremely rare (<0.01%) in
both groups.

Effect of sTBRII on Fas-Induced Apoptosis In
Vitro (Protocol 2)

Myofibroblasts obtained from the infarcted areas of mouse
hearts 10 days after M1 were cultured in medium containing
5% serum collected from LacZ- or sTBRII-treated mice.
When the cells were then subjected to Fas-induced apopto-
sis’® for 24 hours, the incidence of TUNEL-positive myofi-
broblasts was significantly lower among cells cultured with
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Figure 6. Apoptosis within infarcted tissue 10 days after Ml. A,
TUNEL-stained preparations from LacZ-treated (A1) and sTBRIl-
treated (A2) mice. A3, Percentage of TUNEL-positive nonmyo-
cytes within the infarcted area. Arrows indicate positive cells. B,
Infarcted tissue obtained from LacZ-treated mice (B1) was dou-
ble stained with TUNEL and a-SMA immunohistochemistry and
observed under a confocal microscope. B2, Percentage of
TUNEL-positive cells among the «-SMA-positive cells.

sTBRII-containing serum {16£2.9%) than among those cul-
tured with normal serum (43%5.2%; P<<0.05) (Figure 7).
However, such an apoptosis-inhibitory effect by sTSBRII-
containing serum was completely canceled by an addition of
TGEF-B1 at the concentration of 1 pg/mL (Figure 7). These
findings suggest that sTBRII exerts a direct antiapoptotic
cffect on cardiac myofibroblasts.

Effect of Anti-TGF-8 Treatment at Chronic Stage
{Protocol 3)

Using protocol 3, we determined the extent to which inhib-
iting apoptosis among granulation tissue cells is responsible
for the beneficial effects on post-MI heart failure. For this
purpose. the sTBRII gene therapy was started at a more
chronic stage of MI, after the granulation tissue had already
been replaced with scar tissue. The sTSRIL (n=14) or LacZ
{n=11) gene was delivered to mice 4 weeks after MI, and the
mice were examined after an additional 4 weeks (8 weeks
after MI). Accessibility of sTBRI into scar tissue was
confirmed by Western blotting (Figure [B). One of [4
sTBRII-treated mice and none of the 11 LacZ-treated mice
died during the additional 4-week follow-up (P=NS). This
time we found no difference in ventricular geometry or
function between the sSTBRII-treated and LacZ-treated groups
(Table), clearly indicating that the preventive effect of
STBRIT gene therapy on heart failure is attributable to its
action on granulation tissue during the subacute stage of M1

Discussion
The present study revealed that postinfarction sTBRIL gene
therapy, begun at the subacute stage of M1, alleviated adverse
remodeling and improved function of the LV during the
chronic stage. In addition, we provide novel insights into the
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Figure 7. Effect of sTBRIl-containing sera on Fas-induced apo-
ptosis among cultured nonmyocytes obtained from the infarcted
tissue of hearts 10 days after Ml (protocol 2). Confocal micro-
graphs (A) show TUNEL-positive/a-SMA-positive cultured cells.
B, Percentage of apoptotic myofibroblasts.

mechanism of the beneficial effect of the TGF-B signal
inhibition.

Mechanisms of Beneficial Effects of sTBRII on
Postinfarction Heart Failure

The mechanisms responsible for the beneficial effects of
inhibiting TGF-B signaling on post-MI heart failure appear

Anti-TGF-B Against Post-MI Heart Failure 2435

Ventricular Geometry, Function, and Histology 8 Weeks After M
Among Mice Transfected With the Indicated Gene 4 Weeks
After Ml (Protocol 3)

LacZ sTARIl
(n=11) (n=13) P
LVED diameter, mm 6.0+0.1 6.3+0.2 0.11
% Fractional shortening 16.7+06 16.1£0.6 0.53
Heart rate, bpm 50221 544+20 0.16
LVSP, mm Hg 853 80+3 0.21
LVEDP, mm Hg 91 9+1 0.84
+dP/dt, mm Hg/s 3847 =101 3608150  0.22

—dP/dt, mm Hg/s —3642+166  —3337+144  0.18
Ml area, x10° pum? 21202 24203 0.53
% Ml area 21532 24.2+3.0 0.57
MI segmental length, X10% um 6.1+09 68.4+0.7 0.78
Mi wall thickness, x10° um 24204 2.0+0.2 0.43
% Fibrosis in non-Ml area 177218 18.1+1.9 0.88
% Fibrosis in Ml area 50.6%3.6 51.5+3.9 0.56

Cell population in Ml area, 1496 1445 0.56

cells/10% pm?
Area of a-SMA-positive cells, % 1.9+09 2002 0.75

LVED indicates LV end-diastolic; LVSP, LV peak systolic pressure; and
LVEDP, LV end-diastolic pressure.

somewhat complicated, probably reflecting the multiple bio-
logical effects of TGF-B. TGF-B signaling acts as a strong
inducer of extracellular matrix and as an immunomodulator
of chemotaxis by fibroblasts and inflammatory cells.'8-20 In
the infarcted heart, TGF-f3 expression is regulated by locally
generated angiotensin I1 via angiotensin II type 1 receptor
binding. and angiotensin-converting enzyme inhibitors and
angiotensin 1I type | receptor blockade attenuated postinfarc-
tion ventricular remodeling equally.'"'* However, the manner
in which direct inhibition of TGF- signaling in the infarcted
heart affects the postinfarction process has not been well
clucidated . In the present study inhibition of TGF-8 signal-
ing by exogenous sTBRII significantly reduced cardiac fibro-
sis, confirming the fibrogenctic effect of TGF-B on post-MI
hearts. Because myocardial fibrosis contributes to both sys-
tolic and diastolic dysfunction in the heart,®” reducing it by
inhibiting TGF-B signaling is one way in which to mitigate
LV remodeling and heart failure. MMP-2 activity scemed to
be not significantly associated with sTBRIH-induced antifi-
brosis in the present experimental setting.,

Perhaps the most notable finding of the present study is the
effect of anti-TGF-B therapy on infarct geometry, ie, the
shortening of the infarcted segment and the thickening of the
infarcted wall, without a change in absolute infarcted area.
Contraction of the infarcted tissue likely contributes to
suppression of LV dilatation. Because wall stress is propor-
tional to the cavity diameter and inversely proportional to the
wall thickness (Laplace’s law)?' and because wall stress and
adverse LV remodeling (dilatation) have a vicious relation-
ship, accelerating one another. it is casy to surmise that such
an alteration in the gecometry of the infarct would markedly
improve the hemodynamic state of the heart.
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Inhibition of TGF-f3 signaling also qualitatively altered the
infarct tissue. We found an increased abundance of a-SMA-
positive cells (myofibroblasts and smooth muscle cells) in the
extravascular area of infarcts in STBRII-treated hearts. Those
cells are well known to play an important role in wound
contraction during the healing process,?? and to then disap-
pear via apoptosis.2®2* Recently, we reported that blockade of
myofibroblast apoptosis by the treatment with pan-caspase
inhibitor or with soluble Fas. a competitive inhibitor of Fas,
attenuates postinfarction ventricular remodeling and heart
failure.”32¢ We speculate that the preserved myofibroblasts
may contribute structurally to the thickening of the infarct
scar. In addition, although the property of contractile function
of these myofibroblasts has not been elucidated, it is conceiv-
able that contractile myofibroblasts that are running parallel
with the infarct circumference may shrink the infarct into
coronal directions and increase the infarct thickness.

It 1s thus notable that TSR had a direct inhibitory ctfect
on apoptosis among myofibroblasts in granulation tissue,
both in vivo and in vitro. This is consistent with the report by
Hagimoto et al,?” who showed that TGF-31 sensitizes pul-
monary epithelial cells to Fas-induced apoptosis. Conversely,
TGE- is known to promote transdifferentiation of fibroblasts
into myofibroblasts,”® ie, inhibition of TGF-f signaling
possibly results in reduction of myofibroblast population.
Inhibition of TGF-8 signaling thus appears to have reciprocal
effects on myofibroblast population: its reduction through
interfering with transdifferentiation from fibroblasts and its
augmentation through blocking apoptotic death. In the pres-
ent experimental setting, the gene product peaked during the
granulation tissue phase (1-week-old infarct) when myofibro-
blasts were already abundant but their apoptosis was ongoing.
In the 4-week-old infarct tissue, however, naturally occurring
apoptosis was already complete in the control MI hearts.
These findings may explain our data that the population of
a-SMA-positive cells was balanced to gain in the post-MI
scar tissue of the TGF-f signal-inhibited hearts. Taken
together, these findings suggest that myofibroblasts escaping
apoptosis may survive even during the chronic stage of MI,
accumulate, form bundles, and contribute to infarct contrac-
tion. In addition, this mechanism appears critical for func-
tional improvement, as transfection of the sTBRI gene was
ineffective if started during the chronic stage of MI, when
most a-SMA-positive cells have already disappeared (sce
protocol 3 above).

Because in the present study sTBRII gene therapy was
started on the third day after MI, it is unlikely that it
influenced cardiomyocyte apoptosis during the acute stage. It
1s dlso unlikely that this therapy affected cardiomyocyte
survival by inhibiting apoptosis at the subacute or chronic
stages. This is because, in contrast to an earlier report* we
found that apoptosis was negligible among cardiomyocytes at
any stage of ML

Time Window Within Which to Inhibit

TGF-£ Signaling

TGF-f signaling is believed to have cardioprotective effect
during 1schemia/reperfusion, perhaps as a result of inhibition
of tumor necrosis factor-a release, improvement of endothe-

lium-dependent relaxation. prevention of reactive oxygen
species generation, and/or inhibition of upregulation of ma-
trix metatioproteinase-1.793% For these reasons, inhibition of
TGF-B signaling during the acute stage of MI is considered
harmful. In addition, our data indicate that late inhibition of
TGF-8 signaling (during the scar phase of MI) is without
effect. It thus appears that there is a therapeutic time window
that is critical for inhibition of TGF-$ signaling to elicit the
beneficial effects on post-MI heart failure.

Limitations and Clinical Implications

There is considerable evidence indicating that the TGF-8
signal exerts a protective cffect against atherosclerosis in
mousc models by preventing lipid lesion formation.?-33 Thig
potential limitation might have to be taken into account in
application of the anti-TGF-{3 strategy.

Rapid recanalization of the occluded coronary artery is
presently the best clinical approach to the treatment of acute
MI: if performed in time. it enables salvage of the ischemic
myocardial cells. Unfortunately, most patients miss the
chance for coronary reperfusion therapy because to be effec-
tive 1t must be performed within a few hours after the onset
of infarction.™ The present findings suggest that this novel
therapeutic strategy may mitigate the chronic progressive
heart failure seen in patients atter large MIs. When initiated
during the subacute stage. inhibition of TGF-f signaling may
benefit patients who missed the chance for coronary
reperfusion.
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Abstract

The molecular basis of myocardial cell death in the ischemia-reperfused heart still remains to be clarified. Apoptosis signal-reg-
ulating kinase 1 (ASK1) is a mitogen-activated protein kinase kinase kinase that plays an important role in stress-induced apoptosis.
We studied ASK 1™/~ mice to examine the role of ASK1 in ischemia-reperfusion injury. In the wild-type heart, ischemia—reperfusion
resulted in necrotic injury, whereas infarct size was drastically reduced in the ASK1~/~ heart. The necrotic injury was not accom-
panied with any evidence of apoptosis such as an increase in TUNEL-positive cells, DNA fragmentation or the activation of cas-
pase-3. ASK17/~ cardiomyocytes were more resistant to H,O,- or Ca>*-induced apoptotic and non-apoptotic cell death compared
with wild-type cells. These data suggest that ASK1 is involved in necrosis as well as apoptosis and that ASK 1-dependent necrosis is
likely to contribute to myocardial cell death in the ischemia-reperfused heart.

© 2005 Elsevier Inc. All rights reserved.

Keywords: ASK1; Ischemia—reperfusion injury; Non-apoptotic cell death

Reperfusion of occluded coronary arteries has be-
come a mainstay of optimal therapeutic intervention
for acute myocardial infarction. Paradoxically, reperfu-
sion also results in cell death and scar formation. There-
fore, if the reperfusion-induced myocardial injury can be
attenuated, then salvage of the myocardium by means of
reperfusion therapy could be maximized.

Necrosis and apoptosis are the two major and distinct
types of cell death in cardiomyocytes that have been asso-
ciated with ischemia and reperfusion. Apoptosis is identi-
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! These authors contributed equally to this work.

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
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fied in the form of morphological changes such as
chromatin condensation, nuclear fragmentation, and for-
mation of apoptotic bodies, all of which are driven by
caspases [1]. In contrast, necrosis is primarily manifested
either by cell swelling or by rupture of the plasma mem-
brane accompanied by breakdown of organelles [2]. Both
necrosis and apoptosis have been reported to be involved
in myocardial injury after ischemia-reperfusion [3,4], but
the relative contribution of necrosis and apoptosis to
ischemia-reperfusion injury remains controversial.

The signal transduction mechanism, by which ische-
mia-reperfusion leads to cell death, has not yet been
fully identified. Recent studies suggest an important role
of the mitogen-activated protein (MAP) kinase family in
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ischemia-reperfusion injury [5-7]. Apoptosis signal-reg-
ulating kinase 1 (ASK1) is a reactive oxygen species-sen-
sitive MAP kinase kinase kinase, which activates the
c-Jun N-terminal kinase (JNK) and p38 MAP kinase
[8]. Overexpression of wild-type ASK1 or the constitu-
tively active mutant of ASK1 induces apoptosis in vari-
ous cells including cardiomyocytes, whereas oxidative
stress-induced apoptosis is suppressed in ASK1~/~ cells
[9-11]. In the study reported here, we used ASK17/~
mice to clarify the in vivo role of ASK1 in ischemia-re-
perfusion injury. We found that ASK1 plays a pivotal
role in the signal transduction pathway mediating non-
apoptotic myocardial cell death caused by ischemia-
reperfusion.

Materials and methods

This study was carried out under the supervision of the Animal
Research Committee in accordance with the Guidelines for Animal
Experiments of Osaka University and the Japanese Government's
Animal Protection and Management Law (No. 105).

Ischemia—reperfusion studies. The Fg generation of ASK™/~ mice
with a C57B16/J background was described previously [11]. Ischemia—
reperfusion studies were performed as we described previously {5,12],
The 8- to 10-week-old mice were anesthetized with sodium pentobar-
bital (50 mg/kg, intraperitoneal injection). After a midsternal thora-
cotomy, silk thread (8-0 type) was passed around the left coronary
artery {LCA) about 1 mm distal from the tip of the left auricle and
made into an occlusive snare. Following a 30 min ligation of the LCA,
the snare was released for 2 h. Body temperature was monitored with a
rectal probe connected to a digital thermometer and was maintained as
close as possible to 37 °C throughout the experiment with the aid of a
heating pad and heat lamps. Then, the LCA was re-occluded at the
same point and Evans blue dye was infused from the left ventricular
cavity. The heart was cut transversely into five sections, which were
then incubated in a 1.0% solution of triphenyltetrazolium chloride
(TTC) for 20 min at 37 °C. The area at risk was defined as the ratio of
the area of the ischemic region to the left ventricular area and the
infarct size as the ratio of the area of the infarct region to that of the
ischemic region.

Histological analysis and evaluation of apoptosis. The heart samples
were fixed immediately with buffered 3.7% formalin, embedded in
paraffin, and cut into 3-pm slices. Paraffin-embedded heart sections
were subjected to the the terminal deoxynucleotidy! transferase biotin—
dUTP nick end labeling (TUNEL) assay using an in situ apoptosis
detection kit (Takara, Otsu, Japan).

Isolation of ventricular myocytes and survival assay. Ventricular
myocytes from 1- to 2-day-old mice were prepared as described pre-
viously [9]. Cardiomyocytes were treated with H,O, or ionomyein for
24 h. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay-based Cell Counting kit-8 (Dojindo, Kumamoto, Japan)
was used to determine the number of surviving cells in triplicate. Cells
were stained by incubation with Hoechst 33258 (1 mM) or with
fluorescent conjugate Annexin V and propidium iodide (PI) (Annexin
V-FITC Apoptosis Detection Kit, BioVision Research Products,
Mountain View, CA, USA).

In vitro kinase assay and Western blots. The activity of ASK1 was
measured by an immune complex kinase assay as described previously
9] Immunoprecipitation of endogenous ASK] was performed on
250 pg of myocardial extracts with anti-ASK1 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), followed by measurement of
the immune complex kinase activity using MKK6 as a substrate. Total
protein homogenates (50 pg for p38 and JNK, 20 pg for ERK) were

subjected to Western blot analysis using the antibodies against mouse
p38 (C-20), JNKI1 (FL), and ERKI (K-23) from Santa Cruz Bio-
technology and phospho-p38, phospho-JNK, phospho-ERK, and
cleaved-caspase-3 from Cell Signaling Technology (Beverly, MA,
USA). Western blots were developed with the enhanced chemilumi-
nescence kit (Amersham Pharmacia, Piscataway, NJ, USA). Signals
were quantified by means of densitometry of scanned autoradiographs
using Scion Image software (version 4.02; Scion, Fredrick, MD, USA).
All values are representative of 4-6 animals per treatment group for
each time point.

The DNA ladder assay. The presence of a DNA ladder was detected
by using agarose gel electrophoresis as described elsewhere [13]. Tissue
samples were quickly homogenized, digested with proteinase K, and
incubated with RNase A.

Statistical analysis. Results are shown as means 4+ SEM. Paired
data were evaluated by Student’s ¢ test. A one-way ANOVA with the
Bonferroni’s post hoc test or repeated measures ANOVA was used for
multiple comparisons. A value of p <0.05 was considered statistically
significant.

Results

The ASK ™/~ mice with a C57B16/J mice background
appeared phenotypically normal and had a normal glob-
al cardiac structure and function, when compared with
age-matched C57Bl6/] wild-type mice (WT) [9]. To
examine the effect of ASK1 ablation on ischemia-reper-
fusion injury, WT and ASK ™/~ mice were subjected to
30 min of LCA occlusion followed by 2 h of reperfusion.
No significant differences among the groups were ob-

served in terms of the rate-pressure product or in the

rectal temperature during the ischemia-reperfusion pro-
cedure (data not shown). The areas at risk, identified by
a lack of Evans blue stain, in the ASK™/~ and WT
hearts (56.3 & 4.6% and 57.5 + 5.1%) were not signifi-
cantly different (Fig. 1). In WT hearts, ischemia-reperfu-
sion resulted in significant necrotic injury, as evidenced

Wild type AsK1
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Fig. 1. The size of the myocardial infarct in WT and ASK™/~
subjected to ischemia-reperfusion. The upper panel shows represen-
tative images of heart slices double-stained with Evans blue and TTC.
The lower panel shows the size of the ischemic area at risk and of the
infarct in mouse hearts subjected to ischemia-reperfusion (n =5 for
each group).
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by a large area of negative TTC staining (32.4 £ 11.3% We also assessed the role of apoptosis in cardiomyo-
of area at risk). In ASK ", on the other hand, the in- cyte death induced by ischemia-reperfusion injury. The
farct was limited to the region close to the LCA origin number of TUNEL-positive cells in WT and ASK ™/~
where the silk thread was passed around the LCA and was not significantly different either at the baseline or
the infarct size was substantially smaller at 7.6 -+ 3.5% at the end of reperfusion (27.5 4 7.8 cells/10° myocytes
(p <0.01) (Fig. 1). in WT control hearts and 33.1 & 13.3 cells/10° myocytes

Next, we examined whether ischemia-reperfusion in WT hearts after 120min of reperfusion;

injury was accompanied by the activation of ASK1, by 31.9 4+ 7.9 cells/10° myocytes in ASK ™/~ control hearts
measuring ASK1 activity in hearts during ischemia and 35.3 4 12.0 cells/10° myocytes in ASK/~ hearts

and reperfusion. In WT hearts, 5 min of ischemia result- after 120 min of reperfusion). DNA nucleosomal frag-
ed in an increase in ASK1 activity, and additional in- mentation of cardiomyocytes was evaluated in the
crease was detected upon reperfusion (Fig. 2A). non-ischemic and ischemic zones of both the groups
Activation of ASK1 remained above the baseline level (Fig. 3B). No visible DNA ladders were observed either
after 30 min of ischemia followed by 30 min of reperfu- at the baseline or after 120 min of reperfusion (WT and
sion. There were differences neither in the basal protein ASK 7). Western blot analysis using polyclonal cas-
levels of p38, JNK, and ERK in ASK /= and WT pase-3 antibody, which recognizes active caspase-3,
hearts, nor in the basal levels of phosphorylated p38, was performed to evaluate caspase-3 activation.
INK, and ERK (Figs. 2B and C). In WT hearts, a Although active caspase-3 was detected in positive con-
biphasic increase was observed in the level of phosphor- trol (cytosolic extract from apoptotic Jurkat cells), it
ylated p38 after ischemia and ischemia-reperfusion, was not detected either at baseline or during ischemia—
while both the peaks were significantly attenuated in reperfusion in either WT or ASK ™/~ hearts (Fig. 3C).

ASK ™/~ hearts. We also examined the phosphorylation The generation of reactive oxygen species and Ca®"
state of INK. In WT hearts, ischemia-reperfusion pro- overload is known to play a pivotal role in the pathogen-
duced a significant increase in the phosphorylation level esis of ischemia-reperfusion injury [14]. We assessed
of both isoforms of JINK, p46, and p54, while this in- whether ASK1 is required for H,O,- or ionomycin-in-
crease was significantly smaller in ASK ™/~ hearts. On duced cardiomyocyte death, by using neonatal cardio-
the other hand, the phosphorylation state of both iso- myocytes derived from WT and ASK ™/~ hearts
forms of ERK, p44 and p46, showed no significant dif- (Fig. 4A). ASK™/~ cardiomyocytes were more resistant
ference between WT and ASK ™/~ (Fig. 20). than WT cells to H;0; or ionomycin as determined with
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Fig. 2. The activation of ASK 1, p38, INK, and ERK in WT and ASK /"~ hearts after ischemia and reperfusion. (A) ASK 1 activity was measured in
an immune complex assay, using His-MKX6 as a substrate. This panel shows representative image of ASK1 activation. 15, ischemia for 5 min; 130,
ischemia for 30 min; 130/R5, ischemia for 30 min and reperfusion for 5 min; 130/R30, ischemia for 30 min and reperfusion for 30 min. (B) The
activity of p38, JNK, and ERK was assessed by means of immunoblotting with anti-phospho-specific antibody after ischemia and reperfusion. The
filters were reprobed with anti-nonphospho-specific antibody. (C) Densitometric analysis upon p38, p54 JNK, p46 JNK, p44 ERK, and p42 ERK
phosphorylation. *p <0.05 vs ASK ™ at the corresponding time points {# = 4-6 for each time point).
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Fig. 3. Apoptosis in WT and ASK™'~ subjected to ischemia-reperfusion. (A) Number of TUNEL-positive cells in WT and ASK ™~ hearts subjected
to ischemia-reperfusion. The durations of reperfusion was 30, 60 or 120 min. Lower panels show representative images. (B) DNA fragmentation in

WT and ASK /"~

hearts after 30 min ischemia followed by 120 min reperfusion. (C) Analysis of cleaved caspase-3 protein levels in cardiac tissue after

ischemia-reperfusion. Immunoblotting was performed with anti-cleaved caspase-3 antibody.

an MTT assay (Fig. 4A). To characterize cell death in-
duced by H,0; or ionomycin, the nuclear morphology
of the cells stained with Hoechst dye 33258 was examined.
We found that WT cardiomyocytes subjected to H,O, or
ionomycin reproducibly showed nuclear shrinkage (Fig.
4B). Nuclear shrinkage is known to be associated with
caspase-independent cell death [15]. These dead cells
exhibited PI-positive and Annexin V-negative staining,
indicating non-apoptotic cell death. Furthermore, apop-
totic cell death was also induced by H,O, or ionomycin
as determined by nuclear fragmentation or chromatin
condensation in WT cardiomyocytes (Fig. 4B, insets).
The number of the apoptotic cells was less than 10% rela-
tive to that of cells showing nuclear shrinkage. We deter-
mined that both the forms of cell death were drastically
reduced in ASK /™ cardiomyocytes.

Discussion

This is the first study to evaluate the involvement of
ASK! in myocardial ischemia-reperfusion injury. Gur
results indicate that ASK1 plays a pivotal role in the sig-
nal transduction pathway mediating myocardial cell
death caused by ischemia-reperfusion. ASK1 reportedly
induces apoptosis in various cells through mitochon-
dria-dependent caspase activation [8,11.16]. In the
mouse ischemia-reperfusion model used in our report,
however, we could not detect any evidence of cardiomy-

ocyte apoptosis induced by 30 min ischemia followed by
2 h reperfusion. Although apoptosis may contribute to
some extent to the exacerbation of myocardial injury
[4], the major type of cardiomyocyte death after ische-
mia-reperfusion is thought to be necrosis {13,17-19].
Since previously reported studies of cell death and ische-
mia-reperfusion injury show major disparities in exper-
imental animals, models, protocols, and methods used
to determine apoptosis in its various stages [3], it is dif-
ficult to estimate the extent of necrosis and apoptosis in-
duced by ischemia-reperfusion. During the time of our
experiment, ischemia—reperfusion resulted in a large
area of negative TTC staining, a marker of necrotic
injury, in WT hearts, whereas it was drastically reduced
in ASK™/™ hearts. We recently used the same experi-
mental protocol as employed in the study presented here
to demonstrate that the cyclophilin D-dependent mito-
chondrial permeability transition regulates necrotic cell
death, but not apoptotic cell death, and that it is a crit-
ical event in ischemia~reperfusion injury [12). Therefore,
we can conclude that ASK1 is involved in necrotic car-
diomyocyte death related to ischemia-reperfusion inju-
ry. The involvement of ASK! in necrotic cell death
was confirmed by the in vitro study, in which we were
able to show that ASK ™/~ cardiomyocytes were resis-
tant to H,O, or ionomycin in both apoptotic and non-
apoptotic cell death. Nuclear shrinkage has previously
been identified as a feature of hypoxic or ischemic cas-
pase-independent cell death associated with swelling of
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Fig. 4. Involvement of ASK1 in apoptosis and non-apoptotic cell
death in cardiomyocytes. {A) Cell viability was assessed with a Cell
Counting kit. Data show means + SEM of three independent exper-
iments using different cell preparations. Viability of cells is expressed as
the percentage viability of cells in the absence of H,O» or ionomycin
after incubation of neonatal cardiomyocytes isolated from WT and
ASK ™/~ were incubated with 100 uM H,0; or 0.25 uM ionomyecin for
24 h. (B) ASK™'~ or WT neonatal cardiomyocytes treated with
100 uM H,0, or 0.25puM ionomycin for 24 h were stained with
Hoechst 33258 (upper 2 rows) or with propidium iodide and
fluorescent conjugate of Annexin V (lower 2 rows). (Insets) Cells
showing the condensed chromatin and fragmented nuclei, which are
the morphological characteristics of apoptosis.

organelles, vacuolization, and increased membrane per-
meability [20,21]. Various types of cells exposed to
hypoxia developed significant nuclear shrinkage [15],
which, although not a universal phenomenon in all types
of caspase-independent cell death, is a feature of some
kinds of caspase-independent cell death. It has further
been reported that ASK1 has a kinase-independent kill-
ing function in caspase-independent cell death, leading

to a nuclear crumpling morphology distinct from apop-
totic cell death [22] and also distinct from the nuclear
shrinkage observed in this study. It appears therefore
that ASK1 may play a role in each form of cell death,
apoptosis, crumpling cell death, and cell death associat-
ed with nuclear shrinkage. However, we could not rule
out the possibility that ASK1-dependent apoptotic car-
diomyocyte death was involved in ischemia-reperfusion
injury for the following reasons: (1) As the time course
of the apoptotic cascade and the time interval needed
until the occurrence of DNA fragmentation remain
uncertain, 30 min of ischemia followed by 2 h reperfu-
sion used in our study might not be sufficient to induce
cardiomyocyte apoptosis. (2) It is unclear whether apop-
totic cardiomyocytes progress to necrotic cell death. (3)
The beginning of the apoptotic cascade could not be
detected due to the limitations of the method used.

Previous studies have demonstrated that ASK1 can
induce a caspase-dependent apoptosis pathway through
its kinase activity [16]. Our study found that ASKI
activity was elevated after ischemia and ischemia with
reperfusion. It has been reported that ASK1 mediates
apoptosis with sustained activation of JNK/p38 [11].
However, it is not clear whether sustained activation
of INK/p38 is required for ASK1-dependent necrosis.
In reperfused WT hearts, p38 and JNK were activated,
but they were significantly reduced in ASK ™~ hearts.
We previously showed that disruption of a single copy
of the p38a gene decreased the extent of the infarct after
ischemia-reperfusion [5]. The lower level of phosphory-
lated p38 in ASK '~ hearts may thus be involved in the
cardioprotective mechanism.

The results of our study demonstrated the existence
of a novel mechanism of cell death signaling by ASKI.
It remains unknown, however, whether this process in-
volves the kinase activity of ASK1. Further investiga-
tions are needed for the precise characterization of the
molecular mechanism, which determines the role of
ASK1 in non-apoptotic cardiomyocyte death.
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Hepatitis C Virus Infection and Cardiomyopathies

Akira Matsumori

=g ardiomyopathies may present as idiopathic dilated,
hypertrophic, or restrictive disease. arrhythmogenic

e Tight ventricular cardiomyopathy (ARVC), and vari-
ous other distinct disorders of the heart muscle.! They
constitute a heterogeneous group of myocardial diseases of
multifactorial etiologies, including genetic anomalies and
acquired immune factors, such as viral infections. The myo-
cardium may be infected by a wide variety of viruses,
although most commonly by enteroviruses, coxsackievirus B
in particular. However, in many cases, when myocarditis has
been diagnosed on the basis of clinical manifestations, & viral
origin cannot be confirmed, despite extensive laboratory
investigations.

The clinical presentation of viral myocarditis is variable.
When myocardial necrosis is diffuse, congestive heart failure
develops, and growing evidence now links viral myocarditis
with dilated cardiomyopathy.?? Localized myocardial lesions
may result in thinning or ancurysms of the ventricular wall
which, in the case of ARVC, are complicated by arrhyth-
mias.* When myocardial necrosis is limited to the subendo-
cardium, restrictive cardiomyopathy may develop. Finally,
although it has not been established that hypertrophic cardio-
myopathy is a complication of viral myocarditis, asymmetri-
cal septal hypertrophy has been observed in some patients
with myocarditis.’

A high prevalence of hepatitis C virus (HCV) infection has
recently been noted in patients with hypertrophic cardiomy-
opathy, dilated cardiomyopathy. and myocarditis (Figure
1).6-15 In this issue of Circulation Research, Omura et al’¢
report that mice transgenic for the HCV-core gene develop
ventricular dilatation, cardiac dysfunction, and myocardial
fibrosis at 12 months, similar to the pathological manifesta-
tions observed in human dilated cardiomyopathy. Although
HCV infection may be the cause of several phenotypically
different cardiomyopathies, mild inflammation with mononu-
clear cell infiltration has also been observed with HCV
infection in humans.¢7® However, no lymphocytic infiltration
was observed in these HCV-core transgenic mice. Further-
more, cardiomyocyte hypertrophy and disarray of the myofi-
bers are typical characteristics of human hypertrophic cardio-
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myopathy. but the wall thickness of the HCV-core mice was
not increased. Thercefore, although the HCV-core mice did
not have all the phenotypical manifestations of human car-
diomyopathies, the observations made by Omura ct al are
nevertheless relevant, because they show that the expression
of the HCV-core is associated with the long-term develop-
ment of myocardial disease. They also found that the expres-
sion of atrial and brain natriuretic polypeptides was enhanced,
and that activator protein-1 (AP-1) was activated in the heart.
However. nuclear factor-kB (NF-«B) was not activated. The
authors state that the activation of myocardial AP-1 by
HCV-core is an important pathway toward cardiomyopathic
changes, although it has not been shown that blocking this
pathway changes the disease phenotype. Whereas AP-1 is
activated in transgenic mice of HCV core protein,!’ the latter
interferes with the activation of AP-1 in human macro-
phages.'® Furthermore, HCV core protein inhibits AP-1.17
and activates extracellular signal-regulated kinase (ERK).
C-jun N-terminal kinase (JNK), and p38 mitogen-activated
protein (MAP) kinase.® Although, HCV core protein is
known to activate NF-«B,2! the authors found no changes in
NFE-kB. Therefore, further studies will be necessary to clarity
the molecular pathogenetic changes observed in HCV-core
transgenic mice.

Phenotypes of HCV Cardiomyopathies

In a collaborative research project of the Committees for the
Study of Idiopathic Cardiomyopathy in Japan,?* HCV anti-
bodies were found in 74 of 697 patients (10.6%) with
hypertrophic cardiomyopathy and in 42 of 633 patients
(6.3%) with dilated cardiomyopathy, significantly more prev-
alent than the 2.4% observed in age-matched volunteer blood
donors in Japan. In an initial study, we evaluated 31 patients
with cardiomyopathy and myocarditis and found HCV RNA
by polymerase chain reaction in the hearts of 6 patients
(19.4%) with dilated cardiomyopathy.¢ Over a 10-year pe-
riod, we identified 19 among 191 patients with dilated
cardiomyopathy (9.9%) who had evidence of HCV infection,
in contrast to only 1 of 40 patients with ischemic heart disease
(2.5%). No patient with dilated cardiomyopathy and positive
HCYV antibody had a history of blood transtusion or intrave-
nous drug use, three had a history of hepatitis, mildly elevated
serum amino-transferase were present in 10, and nine patients
had normal liver function tests. The main clinical manifesta-
tions at initial presentation were heart failure and cardiac
arrhythmias. Among these patients with HCV antibodies, 10
had HCV RNA in the serum. and six patients had type 1b
HCV. HCV RNA was found in the heart of eight patients, and
negative strands of HCV RNA were detected in the heart of
two patients.™ Because negative RNA molecules are inter-
mediates in the replication of the HCV genome, we presume
that HCV replicates in myocardial tissues.
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Figure 1, Hepatitis C virus causes various heart diseases.

During the same period, we identified 16 of 113 patients
with hypertrophic cardiomyopathy (14.1%) with evidence of
HCYV infection. None of these 16 patients had a family history
of hypertrophic cardiomyopathy. Seven patients had hepato-
mas, four had received blood transfusions, and [0 patients
had mildly elevated serum amino-transferase. Apical hyper-
trophic cardiomyopathy was diagnosed in nine patients who
had ace of spade—shaped deformities of the left ventricle, with
an apical/mid anterior free wall thickness ratio >1.3. His-
topathological studies showed mild to severe degrees of
myocyte hypertrophy in the right or left ventricle, mild to
moderate fibrosis, and mild cellular infiltration. Type 1b
HCV RNA was detected in the serum of seven patients, HCV
RNA in biopsy specimens of six, and negative strands of
hepatitis C virus RNA in the biopsied hearts of two patients.
Analysis by fluorescent single-stand conformation polymor-
phism showed the presence of multiple clones in the sera of
patients with hypertrophic cardiomyopathy.** Teragaki and
coworkers* recently found 18 of 80 Japanese patients with
hypertrophic cardiomyopathy (22.5%) with positive HCV
antibodies, a prevalence significantly higher than in controls,
and higher than in our study. In their study, seven patients had
type 1b, and five patients had type 2a HCV.

Prolonged Persistence of Hepatitis C Virus

Genomes in Paraffin-Embedded Hearts
A multicenter study was conducted by the Scientific Council
on Cardiomyopathies of the World Heart Federation (Bern-
hard Maisch, MD, Chairman) to test the reproducibility of
detection of viral genomes, such as enteroviruses, adenovirus,
cytomegalovirus. and HCV in formalin-fixed tissues. The
autopsy and biopsy materials were analyzed blindly. We
found HCV genomes in 2 of 11 hearts (18%) of patients with
dilated cardiomyopathy and myocarditis from ltaly. and in 4
of 11 hearts (36%) from the United States, two from patients
with myocarditis and two with ARVC,2* which suggests that
HCV may cause ARVC. Because the detection of HCV
genomes in formalin-fixed sections is less sensitive than in
frozen sections, HCV infection may be a more common cause
of myocardial diseases.

In collaboration with the National Cardiovascular Center and
Juntendo University, we have detected HCV RNA in paraffin
sections of autopsied hearts from six patients with hypertrophic
cardiomyopathy (26.0%), three patients with dilated cardiomy-
opathy (11.5%), and four patients with myocarditis (33.3%).
These samples were harvested between 1979 and 1990, confirm-
ing that HCV RNA can be amplified from paraffin-embedded
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hearts preserved for many years."t We also examined autopsied
hearts from patients with dilated cardiomyopathy in a collabo-
rative study with the University of Utah and found HCV RNA
in 8 of 23 hearts (35%} with positive actin genes. The sequences
of HCV genomes recovered from these hearts were highly
homologous to the standard strain of HCV.*3 However. the rates
of HCV genomes detection in the hearts of patients with
cardiomyopathics varied widely among different regions of the
world. For example, no HCV genome was detected among 24
hearts obtained from St Paul’s Hospital, in Vancouver, Canada.
These observations suggest that the frequency of cardiomyopa-
thy caused by HCV infection may be different in different
regions or different populations. Some European investigators
have even reported negative associations between HCV infec-
tion and dilated cardiomyopathy. although these discordant
results may be attributable to inappropriate controls, incomplete
clinical investigation. or other factors such as regional or racial
differences.

We have recently analyzed sera stored during the Myocar-
ditis Treatment Trial®> of immunosuppression in patients with
heart failure and myocarditis. Anti-HCV antibodies were
identified in 59 of 1355 patients (4.4%), including 6 of 102
patients (5.9%) with biopsy-proven myocarditis, and 53 of
1253 patients (4.2%) whose biopsy specimens did not satisfy
the Dallas criteria. Because, according to the US Center for
Disease Control, the prevalence of HCV infection in the
general US population is 1.8%,2¢ HCV infection is more
prevalent in patients with heart failure because of myocardi-
tis. Furthermore, variations between 0% and 15% were found
in the prevalence of HCV infection among the different
medical centers and regions.?” Thus, anti-HCV antibodies
were recoverable in sera stored for 13 to 17 years and were
more prevalent in patients with myocarditis and heart failure
than in the general population. In regions where its preva-
lence is high, HCV infection may be an important cause of
myocarditis and heart failure.

Genes of the Major Histocompability Complex
Class II May Influence the Development of
Different Phenotypes of
HCV Cardiomyopathies

The human major histocompatibility complex (MHC)

located on the short arm of chromosome 6 and encodes for
several protein products involved in immune function, includ-
ing complement, TNF-«, and the human leukocyte antigen
(HLA) complex, the polymorphisms of which are often
proposed as determinants for the susceptibility to various
diseases. Recent studies on HCV hepatitis showed that
DQB1#0301 was associated with clearance of the virus.
DRB1*1101, which is also in linkage disequilibrivm with
DQBI1#0301, was associated with clearance. Several other
studies have examined the association of MHC alleles with
the progression of liver disease, and DQBI*0401 and
DRB1#0405 were more prevalent among patients who devel-
oped chronic liver disease. We have recently performed
association analyses of alleles distributions. using frequencies
of phenotype in patients with hypertrophic or dilated cardio-
myopathy. The frequency prevalence of HLA-DQB1*0303
and HLA-DRB1#0901 was most prominently increased in
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Figure 2. Major histocompatibility complex genes and HCV
infection.

patients with hypertrophic cardiomyopathy. In contrast. there
was no increase in either allele in patients experiencing
dilated cardiomyopathy. HLA-DRB1#1201 was slightly in-
creased in patients with dilated cardiomyopathy, but not in
patients with hypertrophic disease (Figure 2).' MHC class 11
genes may play a role in the clearance of, and susceptibility
to HCV infection, and may influence the development of
different phenotypes of cardiomyopathy.

Treatment of HCV Cardiomyopathies
In patients with HCV hepatitis, the success of treatment can
be measured by the biochemical and virological responses.
However, therapeutic markers have not been introduced in
clinical practice to follow HCV cardiomyopathies. We have
examined the effects of interferon on myocardial injury
associated with active HCV hepatitis in collaboration with
colleagues from Shimane University,’! We used TL-201-
SPECT, because it is more sensitive than electrocardiography
or echocardiography to detect myocardial injury induced by
HCV. The SPECT scores decreased in 8 of 15 patients (53%)
in whom interferon treatment was completed. Circulating
HCYV disappeared after interferon therapy in all patients who
had either a decrease or no change in SPECT scores, and
HCYV genomes persisted in the blood of two patients whose
clinical status worsened.!' This preliminary study suggests
that interferon is a promising treatment for myocardial
diseases caused by HCV. We have also reported the treatment
with interferon guided by serial measurements of serum HCV

HCV Cardiomyopathies
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Figure 3. Comparison of the pathogenesis of HCV hepatitis and
cardiomyopathies.

RNA and cardiac troponin T in a paticnt presenting with
dilated cardiomyopathy and striated miyopathy attributable to
HCV infection.'?

The pathogeneses of HCV hepatitis and cardiomyopathies
are compared in Figure 3. In HCV liver discase. most patients
develop chronic hepatitis and, vears later, lver cirrhosis,
hepatic failure. or hepatocelular carcinoma, In HCV heart
disease, most patients develop chronic inflammation of the
myocardium and, later, dilated cardiomyopathy attributable
to necrosis and loss of myocytes. However, because myo-
cytes do not replicate, proliferative stimuli induced by HCV
infection may promote myocyte hypertrophy and hypertro-
phic cardiomyopathy.

We would like to propose a collaborative study of myo-
carditis/cardiomyopathies, based on a global network. to
clarify the prevalence of cardiac involvement in HCV infec-
tion and to conduct a therapeutic trial.
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Abstract

In order to investigate how f-stimulation affects the contractility of cardiac muscle,
x-ray diffraction from cardiac muscle in the left ventricular free wall of a mouse heart
was recorded in vivo. This is the first x-ray diffraction study on a heart in a living
body. After the R-wave in electrocardiograms, the ratio of the intensities of the
equatorial (1,0) and (1,1) reflections decreased for about 50 msec from a diastolic
value of 2.1 to a minimum of 0.8, and then recovered. The spacing of the (1,0) lattice
planes increased for about 90 msec from a diastolic value of 37.2 nm to a maximum of
39.1 nm, and then returned to the diastolic level, corresponding to about 10% stretch of
sarcomere.  Stimulation of B-adrenergic receptor by dobutamine (20 pg/kg/min)
accelerated both the decrease in the intensity ratio, which reached a smaller systolic
value, and the increase in the lattice spacing. However, the intensity ratio and spacing
at the end-diastole were unchanged. The recovery of the lattice spacing during
relaxation was also accelerated. The mass transfer to the thin filaments at systole in a
B-stimulated heart was close to the peak value in twitch of frog skeletal muscle at 4 °C,

showing that the majority of cross-bridges have been recruited with few in reserve.
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Introduction

Stimulation of cardiac B-adrenergic receptors has been known to enhance contractility
of cardiac muscle through phosphorylation of various enzymes including troponin-I,
C-protein and phospholamban (1-6). Although these effects have been extensively
studied both physiologically and biochemically in isolated cardiac muscles and
myocytes, they can be studied in a living body by only a limited number of methods.
Lack of a molecular index that can be measured in vivo has made it difficult to study
the mechanism of the B-stimulation. Since the overall influence of neurohumoral
factors on functional properties of cardiac muscle can only be studied in vivo, it is
important to develop a method to monitor contractility at the molecular level in a live
animal. This is especially important when investigating the consequences of genetic
alterations.

It 1s usually difficult to study murine, especially mouse, cardiac muscle in an isolated
specimen under physiological conditions. Perfusion with oxygenated saline does not
provide enough oxygen and a heart tends to be in a hypoxic condition at physiological
heart rates.  Although an x-ray diffraction study on an intact rat papillary muscle has
an advantage that force and sarcomere length can be measured simultaneously, such
experiments have been made at a heart rate lower than 1 Hz (7,8). Since the heart
rate 1s an important factor in cardiac physiology, which affects calcium handling and
contractile force, it is necessary to make these experiments at higher heart rates. This
1s especially the case if the increase in the contractile force with increased heart rate
(staircase phenomenon) is due to higher number of cross-bridges associated with the
thin filament during diastole (9).

X-ray diffraction has been used to study contractility of cardiac muscle. It is a
non-invasive method which enables us to study myosin cross-bridge activity in striated
muscles (10). Two pieces of information can be obtained: one is the intensity ratio of
the (1,0) and (1,1) equatorial reflections from the hexagonal lattice of myofilaments,
which can be used as an index of the number of myosin cross-bridges formed during
contraction (mass transfer from the thick to the thin filament). This correlates well
with tension development in cardiac muscle, especially during the early phase of
contraction under an isometric condition (9). Theoretically, the intensity ratio might
be affected by a conformational change of cross-bridges. However, experiments on
skeletal muscle showed that a force-generating conformational change does not affect
the ratio (11). Thus, the change in the ratio is mostly caused by a mass movement

from the thick filaments to the thin filaments due to cross-bridge formation. The
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other piece of available information is the (1,0) spacing of the lattice, which is equal to
\3/2 of the distance between neighboring thick filaments. Since the volume of a
cardiac cell remains approximately constant during a cardiac cycle (7), the lattice

spacing can be used as an index of sarcomere length.

Recently, it was shown that diffraction patterns from a whole heart can be interpreted
based on the orientation of muscle fibers in the heart (12), and a time-resolved x-ray
diffraction study was made on a heart of a thoractomized rat (13). Here we applied
this technique to a heart in a body of a living mouse to study physiological functions of
myosin cross-bridges in vivo. Without thoractomizing, this is the first time the
contractility in heart muscle was studied at a molecular level in a living body. Effects

of B-stimulation by dobutamine was investigated.

Methods

Animal preparation

Eight-week old male mice (C57BL/6, purchased from CLEA Japan Inc., Tokyo, Japan)
was anesthetized with 1soflurane (0.25 - 0.5 %) and artificially ventilated (MiniVent™,
Hugo Sachs Elektronik, March-Hugstetten, Germany; stroke volume 200 nl, 250
strokes/min). To avoid strong x-ray diffraction spots from skeletal muscles (see
below), part of the breast muscles were surgically removed. The mouse was fixed
vertically in the x-ray beam, which entered the thorax from the third intercostal space.
In this configuration, the x-ray beam passed through the upper part of the left ventricle,
whose motion during a heart beat is smaller than in the lower part.  The
electrocardiogram was recorded with three electrodes (Figure 1). Systemic blood
pressure was measured by a computerized tail-cuff apparatus (MK-2000, Muromachi
Kikai Co., Tokyo, Japan). The ventilator was stopped during an x-ray exposure (for
about 2 sec) to avoid movement due to respiration. Dobutamine was infused from
carotid artery with a rate of 20 pg/kg/min. The animal experiments were conducted
in accordance with the guidelines of SPring-8 for care and welfare of experimental

animals.

X-ray diffraction methods

X-ray diffraction experiments were conducted at BL40XU in the SPring-8 third
generation synchrotron radiation facility (Harima, Hyogo, Japan) (14). The peak
x-ray energy was adjusted to 15.0 keV. This high energy ensured sufficient
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penetration of x-rays through a body of a mouse. The x-ray flux was adjusted by the
front-end slits and aluminum absorbers to about 3x10'? photons/sec. The beam size

was approximately 0.10 mm vertically, 0.25 mm horizontally at the specimen.

The x-ray detector was an x-ray image intensifier with a beryllium window (V5445P,
Hamamatsu Photonics, Hamamatsu, Japan) (15) coupled by a tandem lens to a fast
CCD camera (C4880-80-24A, Hamamatsu Photonics). The time resolution was 15
msec/frame. An x-ray shutter was opened for 1.1 sec and 70 successive frames were
recorded. The specimen-to-detector distance was 3.2 m. The lattice spacing was
calibrated with the third-order meridional reflection from the thick filament of frog
skeletal muscle at 1/14.34 nm”. Both the electrocardiogram and the frame timing
signal from the CCD camera were recorded with a data acquisition system with 1-msec
sampling.

Experimental protocol

Since there are layers of skeletal muscles in the path of the x-ray beam, diffraction
patterns from a mouse heart in vivo are always mixed with equatorial diffraction spots
from skeletal muscles. With a mouse positioned vertically and an x-ray beam passing
between the third and fourth ribs, usually two sets of spots were found in the directions
of 10 o'clock and 4 o'clock, and 9 o'clock and 3 o'clock (Figure 2). The areas
between these spots were free from reflections due to skeletal muscles. Initially, the
x-ray beam was positioned in the left side of a mouse thorax (Figure 3, position A).
Then, the mouse was moved across the beam horizontally so that its left ventricular
free wall comes into the beam (Figure 3, position B). When the x-ray beam passed
through the epicardium of the free wall, the equatorial reflections, which appear as
spots (12), were observed in the directions similar to those of skeletal muscles. Thus,
the epicardium surface plane seems to be approximately vertical in the mouse body.
At this position, the movement of the heart due to beating shifted the heart in and out
of the beam in every heart beat, making it impossible to observe the diffraction pattern
continuously. When the mouse was moved further and the x-ray beam passed
through the deeper layer of the free wall (Figure 3, position C), the equatorial
diffraction pattern became arcs (12). At this stage, it was still difficult to observe the
diffraction pattern continuously because the beam passed through different regions of
the wall in diastole and systole. When the mouse was moved further in the beam
(Figure 3, position D), the diffraction pattern appeared as a ring or a long arc with
‘maximum intensity in the direction perpendicular to the diffraction from skeletal

muscles (Figure 2). The diffraction pattern was continuously observed during a heart
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