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Fig. 4 K-photon irradiation from weakly ionized plasma.

sequently, K8 rays (8.90 keV) are absorbed effectively us-
ing a 10-um-thick nickel K-edge filter with an edge of 8.33
keV, and quite clean Ko rays (8.04 keV) are produced.

3 Characteristics

3.1 Tube Voltage and Current

Tube voltage and current were measured by a high-voltage
divider with an input impedance of 1 G{) and a current
transformer, respectively. Figure 5 shows the time relation
for the tube voltage and current. At the indicated charging
voltages, they roughly displayed damped oscillations.
When the charging voltage was increased, both the maxi-
mum tube voltage and current increased. At a charging
voltage of 50 kV, the maximum tube voltage was almost
equal to the charging voltage of the main condenser, and
the maximum tube current was approximately 15 kA.

3.2 X-Ray Output

An x-ray output pulse was detected using a combination of
a plastic scintillator and a photomultiplier using a 10-um-
thick monochromatic copper filter (Fig. 6). The x-ray pulse
height substantially increased with corresponding increases
in the charging voltage. The x-ray pulse widths were about
700 ns, and the time-integrated x-ray intensity per pulse
measured by a thermoluminescence dosimeter (Kyokko

TLD Reader 1500 utilizing MSO-S elements without en-

ergy compensation) had a value of about 20 uC/kg at 1.0 m
from the x-ray source, with a charging voltage of 50 kV.

3.3 X-Ray Source

To measure images of the Ka source, we employed a pin-
hole camera with a hole diameter of 100 um (Fig. 7). When
the charging voltage was increased, the plasma x-ray source
grew, and both spot dimension and intensity increased. Be-
cause the x-ray intensity is the highest at the center of the
spot, both the dimension and intensity decreased according
to both increases in the thickness of a filter for absorbing
x-rays and decreases in the pinhole diameter.
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Fig. 5 Tube voltages and currents with charging voltage of (a) 35.0
KV, (b) 42.5 kV, and (c) 50.0 kV.

3.4 X-Ray Spectra

X-ray spectra from the plasma source were measured using
a transmission-type spectrometer with a lithium fluoride
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Fig. 6 X-ray outputs measured by plastic scintillator with changes in
charging voltage.
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Fig. 7 Images of Ka x-ray source measured by pinhole of 100 wm
from plasma axial direction.

curved crystal 0.5 mm in thickness. The szg)ectra were taken
by a computed radiography (CR) system™ (Konica Regius
150) with a wide dynamic range, using the filter, and rela-
tive x-ray intensity was calculated from Dicom digital data.
Figure 8 shows measured spectra from the copper target
using the filter. In fact, we observed clean Ko lines such as
lasers, and confirmed the significant filtering effect, while
bremsstrahlung rays were hardly detected at all. The char-
acteristic x-ray intensity of the Ko lines substantially in-
creased with corresponding increases in the charging volt-
age, and the K line was absorbed by the filter. Although
this spectrometer has sufficient energy resolution for mea-
suring Ke; and Ko, lines, we could observe only a single
line.

4 Radiography

Plasma radiography was performed by the CR system with-
out using the filter, and the distance between the x-ray
source and imaging plate was 1.2 m.

First, rough measurements of image resolution were
made using wires. Figure 9 shows radiograms of 50-um-
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Fig. 9 Radiograms of tungsten wires 50 um in diameter coiled
around pipe, and rod made of polymethyl methacrylate.

diam tungsten wires coiled around a pipe, and a rod made
of polymethyl methacrylate with a charging voltage of 50
kV. Although the image contrast increased using the pipe,
50-um-diam wires could be observed.

The image of water falling into a polypropylene beaker
from a glass test tube is shown in Fig. 10. This image was
taken with a charging voltage of 45 kV, with the slight
addition of an iodine-based contrast medium. Because the
x-ray duration was about 1 us, the stop-motion image of
water could be obtained.

Figure 11 shows an angiogram of a rabbit heart; iodine-
based microspheres of 15 wm in diameter were used with a
charging voltage of 50 kV, and fine blood vessels of about
100 pm were visible.

5 Discussion

Concerning the spectrum measurement, we obtained fairly
clean Ko lines from a weakly ionized linear plasma x-ray
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Fig. 8 X-ray spectra from weakly ionized copper plasma according to changes in charging voltage and

to insertion of nickel K-edge filter.
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40 mm

Fig. 10 Radiogram of water falling into polypropylene beaker from
glass test tube.

source by absorbing K3 lines using the K-edge filter. The
lines are produced by x-ray enhancement by spontaneous
emission, and the coherence can be increased by develop-
ment of a resonator or by pulse laser irradiations from the
plasma axial direction to produce higher harmonics. In a
medical application, cerium Ka rays (34.6 keV) are ab-
sorbed effectively by an iodine-based contrast medium, and
high contrast microangiography can be performed.

In this research, we obtained sufficient characteristic
x-ray intensity per pulse for CR radiography using the fil-

ter, and the generator-produced number of characteristic -

Ka photons was approximately 5X 101 photons/cmz-s at
1.0 m from the source. In addition, since the photon energy
of characteristic x-rays can be controlled by changing the
target elements, various quasimonochromatic high-speed
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Fig. 11 Angiograms of rabbit heart.
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radjographies, such as high-contrast microangiography and
parallel radiography using an x-ray lens, will be possible.
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Abstract

Aim: Noradrenaline {INA) uptake transporters are known to reverse their
action during acute myocardial ischaemia and to contribute to ischaemia-
induced myocardial interstitial NA release. By contrast, functional roles of
choline and glutamate transporters during acute myocardial ischaemia
remain to be investigated. Because both transporters are driven by the nor-
mal Na* gradient across the plasma membrane in a similar manner to NA
transporters, the loss of Na* gradient would affect the transporter function,
which would in turn alter myocardial interstitial choline and glutamate
levels. The aim of the present study was to examine the effects of acute
myocardial ischaemia and the inhibition of Na*,K*-ATPase on myocardial
interstitial glutamate and choline levels.

Methods: In anaesthetized cats, we measured myocardial interstitial glu-
tamate and choline levels while inducing acute myocardial ischaemia or
inhibiting Na*,K*-ATPase by local administration of ouabain.

Results: The choline level was not changed significantly by ischaemia (from
0.93 £ 0.06 to 0.82 & 0.13 um, mean & SE, #» = 6) and was decreased
slightly by ouabain (from 1.30 &+ 0.06 to 1.05 + 0.07 uMm, P < 0.05, # = 6).
The glutamate level was significantly increased from 9.5 & 1.9 to
34.7 £ 6.1 um by ischaemia (P < 0.01, # = 6) and from 8.9 + 1.0 to
15.9 + 2.3 um by ouabain (P < 0.05, n = 6). Inhibition of glutamate
transport by #rans-L-pyrrolidine-2,4-dicarboxylate (¢-PDC) suppressed isch-
aemia- and ouabain-induced glutamate release.

Conclusion: Myocardial interstitial choline level was not increased by acute
myocardial ischaemia or by Na*,K*-ATPase inhibition. By contrast, myo-
cardial interstitial glutamate level was increased by both interventions. The
glutamate transporter contributed to glutamate release via retrograde
transport.

Keywords acetylcholine, cardiac microdialysis, cats, coronary artery occlu-
sion, myocardium, noradrenaline.

Acute myocardial ischaemia causes oxygen depletion
and loss of ATP in the ischaemic region (Hearse 1979).
Blockade of H™-ATPase leads to noradrenaline (INA)
leakage from storage vesicles and axoplasmic NA
accumulation (Schomig eral. 1988). Intracellular

© 2005 Scandinavian Physiological Society

acidosis causes Na* influx via Na*/H"* exchange. Inhi-
bition of Na*K*-ATPase activity reduces the Na*
gradient across the plasma membrane. Because NA
uptake transporters are driven by the normal Na*
electrochemical gradient across the plasma membrane,
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axoplasmic NA accumulation and reduction of the Na*
gradient cause reverse transport of NA from the
intracellular space to the extracellular space (Schwartz
2000). Acute myocardial ischaemia evokes the myocar-
dial interstitial NA release in the ischaemic region via
retrograde NA transport, independently of efferent
sympathetic nerve activity (Schomig et al. 1984,
Yamazaki et al. 1996, Akiyama & Yamazaki 1999,
Kawada et al. 2001a).

Similar to NA, choline and glutamate are taken up
into cells by plasma membrane transporters driven by
the Na* gradient {Schwartz 2000). We hypothesized
that the loss of Na* gradient under ischaemic conditions
would interfere with the transporter function, which
would in turn alter myocardial interstitial choline and
glutamate levels. Choline release has been suggested as
an index of ischaemic degradation of the myocardial
phospholipid bilayer in isolated, Tyrode solution-per-
fused rat hearts (Briihl et al. 2004). Glutamate can be a
preferred myocardial fuel during ischaemia and may
have protective effects on ischaemic myocardium
(Arsenian 1998). Measuring myocardial interstitial
levels of these molecules i vivo would contribute to
understanding the pathophysiology of acute myocardial
ischaemia. To test the hypothesis, we employed an
in vivo cardiac microdialysis technique and measured
myocardial interstitial choline and glutamate levels
in anaesthetized cats (Akiyama etal. 1991, 1994,
Yamazaki et al. 1997, Kawada ez al. 2001b). Acute
myocardial ischaemia inevitably affects systemic haemo-
dynamics and perfusion of the heart. To minimize such
haemodynamic effects, we also examined the effects of
Na*,K*-ATPase inhibition on the myocardial interstitial
choline and glutamate levels by locally administering
ouabain through a dialysis probe (Yamazaki et al.
1999, Kawada et al. 2002). The results of the present
study indicated that the myocardial interstitial choline
level was not increased by acute myocardial ischaemia
or by Na*,K*-ATPase inhibition. By contrast, the
myocardial interstitial glutamate level was increased
by both interventions. The glutamate transporter con-
tributed to glutamate release via retrograde transport.

Materials and methods

Surgical preparation

Animal care was conducted in strict accordance with
the Guiding Principles for the Care and Use of Animals
in the Field of Physiological Sciences approved by the
Physiological Society of Japan. Adult cats weighing 2.0~
4.8 kg were anaesthetized via an intraperitoneal injec-
tion of pentobarbital sodium (30-35 mgkg™) and
ventilated mechanically with room air mixed with
oxygen. The depth of anaesthesia was maintained with
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a continuous intravenous infusion of pentobarbital
sodium (1-2 mg kg™ h™?) through a catheter inserted
via the right femoral vein. Mean systemic arterial
pressure was monitored from a catheter inserted via
the right femoral artery. v
With the animal in the lateral position, the left fifth
and sixth ribs were resected to expose the heart. When a
coronary occlusion was necessary, a 3-0 silk suture was
prepared around the left anterior descending coronary
artery (LAD) just distal to the first diagonal branch.
With a fine guiding needle, a dialysis probe was
implanted into the left ventricular free wall perfused
by the LAD. Heparin sodium (100 U kg™ bolus injec-
tion followed by a maintenance dose of 50 U kg™* h™)
was administered intravenously to prevent blood coagu-
lation. At the end of the experiment the experimental
animals were killed by an overdose of pentobarbital
sodium. We confirmed that the dialysis probe had been
implanted within the left ventricular myocardium.

Dialysis technique

We designed a transverse dialysis probe (Akiyama et al.
1991, 1994). For measurements of small molecular
compounds including ACh, choline, and glutamate, we
used a dialysis fibre of 50 000 molecular weight cutoff
(13 mm length, 310 pm OD, 200 um ID; PAN-1200,
Asahi Chemical, Osaka, Japan) with both ends glued to
polyethylene tubes (20 cm length, 500 um OD, 200 um
ID). The dialysis probe was perfused at a rate of
2 yL min~! with Ringer solution. Each sample was
collected in a microtube containing 3 uL of phosphate
buffer (100 mm, pH 3.5). A cholinesterase inhibitor
eserine (100 um) was added to the perfusate to measure
ACh. A preliminary examination indicated that whether
the perfusate-contained eserine did not affect myocardial
interstitial choline levels significantly. Dead space volume
between the dialysis fibre and the sample microtube was
identical for ACh, choline, and glutamate measurements,
and the sampling was performed taking into account the
time for dialysate to traverse the dead space volume.

The dialysate ACh and choline levels were measured
directly by high-performance liquid chromatography
with electrochemical detection. The absolute detection
limits of ACh and choline, determined with a signal-to-
noise ratio of 3, were 10 and § fmol per injection,
respectively. The dialysate glutamate level was meas-
ured by kinetic enzymatic analysis with CMA 600. The
absolute detection limit of glutamate was 1 um per
injection.

Protocols

All protocols were started from 2 h after implanting the
dialysis probe, To examine changes in myocardial

© 2005 Scandinavian Physiological Society
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interstitial ACh and choline levels during acute myo-
cardial ischaemia (# = 6), after collecting a 15-min
baseline dialysate sample, we occluded the LAD for
60 min and obtained four consecutive 15-min dialysate
samples. The full-length of the implanted dialysis fibre
was located within the ischaemic area judged by discolo-
uration of myocardium during the LAD occlusion, We
then released the occlusion and collected a 15-min
dialysate sample during reperfusion. To examine changes
in myocardial ACh and choline levels in response to local
ouabain administration (z = 6), after collectinga 15-min
baseline dialysate sample, we replaced the perfusate with
Ringer solution containing 100 uM ouabain and collec-
ted four consecutive 15-min dialysate samples.

In different groups of animals, myocardial interstitial
glutamate levels were measured during acute myocar-
dial ischaemia (# = 6) and during local administration
of ouabain (# = 6). To elucidate the role of the
glutamate transporter, we also examined the effects of
glutamate transport inhibition by trawms-vL-pyrrolidine-
2,4-dicarboxylate (+-PDC, 10 mm) on myocardial intet-
stitial glutamate levels during acute myocardial isch-
aemia (= 7) and local administration of ouabain
(n = 7). t+PDC was locally administered through the
dialysis probe to avoid systemic effects.

Statistical analysis

All data are presented as mean =+ SE values. In each
protocol, the effects of myocardial ischaemia or local
ouabain administration were examined using one-way
analysis of variance followed by Dunnett’s test against
the corresponding baseline level (Glantz 2002). The
baseline as well as maximum glutamate levels with and
without glutamate transport inhibition were compared
by an unpaired z-test during acute myocardial ischaemia
or during local ouabain administration (Glantz 2002).
Differences were considered to be significant when
P < 0.05.

Results

Figure 1a shows myocardial interstitial ACh level dur-
ing acute myocardial ischaemia. The ACh level was
increased by LAD occlusion, becoming approximately
15 times higher than the baseline level at 30-45 and 45—
60 min of ischaemia, The ACh level decreased towards
the baseline level upon reperfusion. Figure 1b illustrates
myocardial interstitial choline level during acute myo-
cardial ischaemia. The choline ievel did not change
significantly throughout the ischaemic and reperfusion
periods. .

Figure 2a shows changes in myocardial interstitial
ACh level during local administration of ouabain. The
ACh level was increased by the inhibition of

© 2005 Scandinavian Physiological Society’
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Figure 1 Changes in myocardial interstitial acetylcholine
(ACh) level (a) and choline level (b) during coronary artery
occlusion and reperfusion. Myocardial interstitial ACh level
was significantly increased by acute myocardial ischaemia,
while myocardial interstitial choline level was not changed.
Data are mean & SE. 1P < 0.01 from baseline.

Na*,K*-ATPase, becoming approximately nine times
higher than the baseline level at 15-30 min. The ACh
level then decreased but remained significantly higher
than the baseline level. Figure 2b illustrates the myo-
cardial interstitial choline level during local administra-
tion of ouabain. The choline level was significantly
lower at 0-15 and 45-60 min when compared with the
baseline level.

Figure 3a shows changes in myocardial interstitial
glutamate level during acute myocardial ischaemia.
LAD occlusion increased the glutamate level to approxi-
mately 3.5 times higher than the baseline level at
0-15 min. Thereafter, the glutamate level was signifi-
cantly higher than the baseline level throughout the
ischaemic and reperfusion periods. Figure 3b illustrates
the effects of glutamate transport inhibition on the
ischaemia-induced glutamate release. The baseline glu-
tamate level was significantly decreased by glutamate
transport  inhibition (P < 0.05). Although acute
myocardial ischaemia and reperfusion significantly
increased the glutamate level relative to the baseline
level, the maximum glutamate level was attenuated to
approximately one-fifth compared with that observed
without glutamate transport inhibition (P < 0.05).
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Figure 2 Changes in myocardial interstitial acetylcholine
(ACh) level (a) and choline level (b) in response to the local
administration of ouabain, Myocardial interstitial ACh level
was significantly increased by ouabain. In contrast, myocardial
interstitial choline level was decreased by ouabain. Data are
mean &+ SE. 1P < 0.01 from baseline.

Figure 4a shows changes in myocardial interstitial
glutamate level during the local administration of
ouabain. Ouabain administration did not change the
glutamate level at 015 min but increased the glutamate
level thereafter. The glutamate level became approxi-
mately 1.8 times higher than the baseline level at 30-
45 min. Figure 4b illustrates the effects of glutamate
transport inhibition on ouabain-induced glutamate
release. The baseline glutamate level was significantly
decreased by the inhibition of glutamate transport
(P < 0.05). Although ouabain administration increased
the glutamate level relative to the baseline level, the
maximum glutamate level was suppressed to approxi-
mately one-third of that observed without glutamate
transport inhibition (P < 0.05).

Discussion

We have shown that acute myocardial ischaemia and
local inhibition of Na*,K*-ATPase increased myocardial
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Figure 3 Changes in myocardial interstitial glutamate level
during coronary artery occlusion and reperfusion without (a)
and with (b) the inhibition of glutamate transporter, The glu-
tamate level was significantly increased by acute myocardial
ischaemia. The ischaemia-induced glutamate release was sup-
pressed by the inhibition of glutamate transporter. Data are
mean = SE. 1P < 0.01 and *P < 0.05 from baseline.

interstitial glutamate level but not choline level. Despite
the similar Na* gradient dependency of corresponding
transporters, myocardial interstitial glutamate and cho-
line levels showed differential responses to the two
interventions.

Changes in myocardial interstitial choline level

In the vagal nerve endings, ACh is hydrolysed to acetate
and choline by acetylcholinesterase (Nicholls 1994).
Choline is then taken up into the vagal nerve endings by
the choline transporter driven by the Na* gradient. We
hypothesized that loss of Na* gradient during acute
myocardial ischaemia or local ouabain administration
would increase the myocardial interstitial choline level
by the interruption of choline uptake. Contrary to our
hypothesis, acute myocardial ischaemia did not change
myocardial interstitial choline level in the ischaemic
region (Fig. 1b). Ouabain administration decreased the
myocardial interstitial choline level at 0-15 and 45~
60 min (Fig. 2b).

© 2005 Scandinavian Physiological Society
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Figure 4 Changes in myocardial interstitial glutamate level in
response to the local administration of ouabain without (a) and
with (b) the inhibition of glutamate transporter. The glutamate
level was significantly increased by ouabain administration.
The ouabain-induced glutamate release was suppressed by the
inhibition of glutamate transporter. Data are mean £ SE.

TP < 0.01 from baseline.

Possible explanations for the absence of ischaemia- or
ouabain-induced choline release are as follows. First,
choline uptake is the rate-limiting step for ACh synthe-
sis (Lockman & Allen 2002). Because choline in the
intracellular space is rapidly consumed for ACh synth-
esis, the axoplasmic choline concentration might have
been too low to evoke reverse transport by the choline
transporter. Second, plasma choline concentration is
stabilized by de movo choline synthesis from the
catabolism of phosphatidylcholine found in cell mem-
branes (Lockman & Allen 2002). Potential choline
release may have been counterbalanced by the local
stabilization mechanisms. Taking into account the
recovery rate of the dialysis probe (approximately
30%), the myocardial interstitial choline concentration
was 3-5 uM. Although the estimated concentration
was lower than the highly regulated plasma choline
concentration of approximately 10 pM, it was much

©® 2005 Scandinavian Physiological Society
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higher than the ischaemia-induced maximum choline
release (approximately 0.6 uM) in isolated rat hearts
reported by Brithl et al. (2004). The present results
suggest that myocardial interstitial choline level may
not serve as an indicator of myocardial ischaemia in
blood-perfused in vivo feline hearts.

By contrast with myocardial interstitial choline level,
myocardial interstitial ACh level was increased both by
acute myocardial ischaemia and by local administration
of ouabain. Because ischaemia-induced ACh release was
observed after vagal nerve transection in a previous
study (Kawada et al. 2000), a Ca®* channel-independ-
ent, regional release mechanism appears to be involved.
Several reports have suggested that ouabain or isch-
aemia-induced intracellular Na* accumulation could
elevate intracellular Ca* level via Na*/Ca®" exchange
(Mochizuki & Jiang 1998, Li et al. 2000). The elevation
of intracellular Ca®* level may be associated with ACh
release. Our previous study indicated that intracellular
Ca®* overload due to Ca?* mobilization is responsible
for the ACh release evoked by ischaemia (Kawada ez al.
2000).

Changes in myocardial interstitial glutamate levels

Although the glutamate transporter family differs from
the NA transporter family in that it requires counter-
transport of K* instead of cotransport of Cl7, its
primary driving force is the Na* gradient across the
plasma membrane (Schwartz 2000). Therefore, inter-
ventions that reduce the Na* gradient are likely to cause
reverse transport of glutamate, in a similar manner to
the reverse transport of NA, Acute myocardial isch-
aemia increased the myocardial interstitial glutamate
level (Fig. 3a) as consistent with previous reports
(Kennergren et al. 1997, 1999, Bickstrom et al. 2003,
Song et al. 1996). Inhibition of Na*,K*-ATPase also
induced myocardial interstitial glutamate release
(Fig. 4a). Glutamate release during acute myocardial
ischaemia and local ouabain administration was signi-
ficantly attenuated by the inhibition of glutamate
transport (Figs 3b and 4b), suggesting the involvement
of reverse transport by the glutamate transporter.
Glutamate plays a vital role in keeping nitrogen balance
in cells as a common amino acid in transamination
reactions. The high intra-to-extracellular concentration
ratio of glutamate would contribute to the retrograde
transport by the glutamate transporter during the loss of
normal Na* gradient.

In the case of myocardial interstitial NA levels, local
blockade of NA uptake increased baseline NA levels,
suggesting the accumulation of NA spontaneously
released into the synaptic cleft (Akiyama & Yamazaki
1999). We therefore predicted that the inhibition of
glutamate transport would increase the baseline gluta-
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mate level. However, the inhibition of glutamate
transport actually decreased the baseline glutamate
level (Figs 3 and 4), suggesting that spontaneous
glutamate release rather than glutamate uptake had
occurred under baseline conditions. The insertion of a
dialysis probe inevitably damages the myocardium.
Although we waited for 2 h after implantation of the
dialysis probe and the glutamate level declined with
time, glutamate release from damaged myocardium
may have continued. Notwithstanding this limitation,
we were able to detect glutamate release in response to
acute myocardial ischaemia and inhibition of Na*,K*-
ATPase. Therefore, our interpretation that glutamate
release was dependent on the reverse transport of
glutamate transporter may be reasonable.

Supplementing the heart with glutamate has been
shown to have beneficial effect on the recovery of
contractile function in post-surgical patients (Arsenian
1998). The myocardial interstitial glutamate level
remained increased during 15-min reperfusion whereas
the myocardial interstitial ACh level returned towards
the baseline level. Although the reason for different
responses upon repetrfusion was unanswered in the
present study, the sustained increase in the glutamate
level may have therapeutic effect on its own.

In conclusion, acute myocardial ischaemia and inhi-
bition of Na*,K"™-ATPase did not increase myocardial
interstitial choline level despite a significant increase in
myocardial interstitial ACh level. By contrast, both
interventions significantly increased the myocardial
interstitial glutamate level. The glutamate transporter
contributed to myocardial interstitial glutamate release
via retrograde transport.
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Fundamental Studies in Health Science of the Organization for
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References

Akiyama, T. & Yamazaki, T. 1999. Norepinephrine release
from cardiac sympathetic nerve endings in the in vivo
ischemic region, | Cardiovasc Pharmacol 34(Suppl. 4),
S§11-S14.

Akiyama, T., Yamazaki, T. & Ninomiya, 1. 1991, In vivo
monitoring of myocardial interstitial norepinephrine by
dialysis technique. Am ] Physiol Heart Circ Physiol 261,
H1643-H1647.

Akiyama, T., Yamazaki, T. & Ninomiya, . 1994. In vivo
detection of endogenous acetylcholine release in cat ven-
tricles. Am J Physiol Heart Circ Physiol 266, H854-H860.

192

— 188

Acta Physiol Scand 2005, 184, 187-193

Arsenian, M. 1998. Potential cardiovascular applications of
glutamate, aspartate, and other amino acids. Clin Cardiol
21, 620-624.

Bickstrém, T., Goiny, M., Lockowandt, U., Liska, ]. &
Franco-Cereceda, A. 2003. Cardiac outflow of amino acids
and purines during myocardial ischemia and reperfusion.
J Appl Physiol 94, 1122-1128.

Brithl, A., Hafner, G. & Loffelholz, K. 2004. Release of choline
in the isolated heart, an indicator of ischemic phospholipid
degradation and its protection by ischemic preconditioning:
no evidence for a role of phospholipase D. Life Sci 75, 1609~
1620.

Glantz, S.A. 2002. Primer of Biostatistics, 5th edn. McGraw-
Hill, New York,

Hearse, D.]. 1979. Oxygen deprivation and early myocardial
contractile failure: a reassessment of the possible role of
adenosine triphosphate. Am J Cardiol 44, 1115-1121.

Kawada, T., Yamazaki, T., Akiyama, T. et al. 2000. Differ-
ential acetylcholine release mechanisms in the ischemic
and non-ischemic myocardium. | Mol Cell Cardiol 32,
405-414.

Kawada, T., Yamazaki, T., Akiyama, T. et al. 2001a. Vago-
sympathetic interactions in ischemia-induced myocardial
norepinephrine and acetylcholine release. Am ] Physiol
Heart Circ Physiol 280, H216-H221,

Kawada, T., Yamazaki, T., Akiyama, T. et al. 2001b. In vivo
assessment of acetylcholine-releasing function at cardiac
vagal nerve terminals. Am ] Physiol Heart Circ Physiol 281,
H139-H145.

Kawada, T., Yamazaki, T., Akiyama, T. et al. 2002. Disrup-
tion of vagal efferent axon and nerve terminal function in the
postischemic myocardium. Am J Physiol Heart Circ Physiol
283, H2687-H2691.

Kennergren, C., Nystrom, B., Nystrom, U. ez al. 1997, In situ
detection of myocardial infarction in pig by measurements of
aspartate aminotransferase (ASAT) activity in the interstitial
fluid. Scand Cardiovasc J 31, 343-349.

Kennergren, C., Mantovani, V., Lénnroth, P., Nystrém, B.,
Berglin, E. & Hamberger, A. 1999. Extracellular amino
acids as markers of myocardial ischemia during cardioplegic
heart arrest. Cardiology 91, 31-40.

Li, S., Jiang, Q., Stys, P.K. 2000. Important role of reverse Na*-
Ca®* exchange in spinal cord white matter injury at phy-
siological temperature. ] Neurophysiol 84, 1116-1119.

Lockman, P.R. & Allen, D.D. 2002. The transport of choline.
Drug Dev Ind Pharm 28, 749-771.

Mochizuki, S. & Jiang, C. 1998. Na*/Ca** exchanger and
myocardial ischemia/reperfusion. Jpn Heart | 39, 707-714,

Nicholls, D.G. 1994. Proteins, Transmitters and Synapses, pp.
186-199. Blackwell Science, London.

Schémig, A., Dart, A.M., Dietz, R., Mayer, E. & Kiibler, W.
1984, Release of endogenous catecholamines in the ischemic
myocardium of the rat. Part A: Locally mediated release.
Circ Res 55, 689-701.

Schémig, A., Kurz, T., Richardt, G. & Schémig, E. 1988.
Neuronal sodium homeostasis and axoplasmic amine con-
centration determine calcium-independent noradrenaline
release in normoxic and ischemic rat heart. Circ Res 63,

214-226.

© 2005 Scandinavian Physiological Society



Acta Physiol Scand 2005, 184, 187-193

Schwartz, J.H. 2000. Neurotransmitters. In: E.R. Kandel, J.H.
Schwartz 8 T.M. Jessell (eds) Principles of Neural Science,
4th edn, pp. 280-297. McGraw-Hill, New York.

Song, D., O’Regan, M.H. & Phillis, ].W. 1996. Release of
the excitotoxic amino acids, glutamate and aspartate, from
the isolated ischemic/anoxic rat heart. Neurosci Lett 220,
1-4,

Yamazaki, T., Akiyama, T., Kitagawa, H., Takauchi, Y. &
Kawada, T. 1996. Elevation of either axoplasmic nor-

level induced release of

epinephrine  or sodium

© 200S Scandinavian Physiological Society

— 189 —

T Kawada et al. * Myocardial choline and glutamate levels

norepinephrine from cardiac sympathetic nerve terminals,
Brain Res 737, 343-346.

Yamazaki, T., Akiyama, T., Kitagawa, H., Takauchi, Y.,
Kawada, T. & Sunagawa, K. 1997. A new, concise dialysis
approach to assessment of cardiac sympathetic nerve term-
inal abnormalities. Am ] Physiol Heart Circ Physiol 272,
H1182-H1187.

Yamazaki, T., Akiyama, T. & Kawada, T. 1999. Effects of
ouabain on in situ cardiac sympathetic nerve endings. Neu-
rochem Int 35, 439-445,

193



Cardiovascular Drugs and Therapy 19 33-40 2005

= © 2005 Springer Science + Business Media, Inc. Manufactured in The Netherlands

BASIC PHARMACOLOGY

Erythropoietin Just Before Reperfusion Reduces Both
Lethal Arrhythmias and Infarct Size via the
Phosphatidylinositol-3 Kinase-Dependent Pathway
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Summary. Although recent studies suggest that erythropoi-
etin (EPO) may reduce multiple features of the myocardial
ischemia/reperfusion injury, the cellular mechanisms and
the clinical implications of EPO-induced cardioprotec-
tion are still unclear. Thus, in this study, we clarified
dose-dependent effects of EPO administered just before
reperfusion on infarct size and the incidence of ventric-
ular fibrillation and evaluated the involvement of the
phosphatidylinositol-3 (PI3) kinase in the ir vivo canine
model. The canine left anterior descending coronary artery
was occluded for 90 min followed by 6 h of reperfusion.
A single intravenous administration of EPO just before
reperfusion significantly reduced infarct size (high dose
(1,000 IU/kg): 7.7 £ 1.6%, low dose (100 IU/kg): 22.1 + 2.4%,
control: 40.043.6%) in a dose-dependent manner. Fur-
thermore, the high, but not low, dose of EPO adminis-
tered as a single injection significantly reduced the inci-
dence of ventricular fibrillation during reperfusion (high
dose: 0%, low dose: 40.0%, control: 50.0%). An intracoro-
nary administration of a PI3 kinase inhibitor, wortman-
nin, blunted the infarct size-limiting and anti-arrhythmic ef-
fects of EPO. Low and high doses of EPO equally induced
Akt phosphorylation and decreased the equivalent num-
ber of TUNEL-positive cells in the ischemic myocardium of
dogs. These effects of EPO were abolished by the treatment
with wortmannin. In conclusion, EPO administered just be-
fore reperfusion reduced infarct size and the incidence
of ventricular fibrillation via the PI3 linase-dependent
pathway in canine hearts. EPO administration can be a
realistic strategy for the treatment of acute myocardial
infarction.
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Introduction

Recent studies have extended the traditional role of
erythropoietin (EPO) from a mediator of erythroid
maturation to one that provides protection against
apoptotic cell death [1,2]. Recombinant human EPO
(rhEPO) has been shown to exert marked protective
effects against ischemia/reperfusion injury in rats and
rabbits when *hEPO is administered at different time
points [3-8]. Indeed, rhEPO reduced myocardial infarct
size, enhanced recovery of left ventricular developed
pressure, reduced the number of apoptotic cells, and
induced the phosphorylation of Akt [3-8]. In these stud-
ies, high (1,000-5,000 IU/kg) doses of rhEPO, nearly 10
times higher than that used in anemic patients with
chronic renal failure [9], have been applied. Recently, it
was reported that phosphatidylinositol-3 (PI3) kinase

Address for correspondence: Tetsuo Minamino, MD, PhD, De-
partment of Internal Medicine and Therapeutics, Osaka Univer-
sity Graduate School of Medicine, 2-2 Yamadaoka, Suita, Osaka
565-0871,Japan, Tel.: 81-6-6879-3635; Fax; 81-6-6879-3473; K-mail:
minamino@medone.med.osaka-u.ac.jp

33




34 Hirata et al.

activity is required for rhEPO to recover contractile
dysfunction and to block apoptosis induced by myocar-
dial ischemia-reperfusion in isolated hearts (ex wvivo)
[10]. However, itisnot determined whether rhEPO just
before reperfusion reduces infarct size via PI3 kinase-
dependent pathway in the i vivo model.

In addition to myocardial cell death, myocardial
ischemia-reperfusion triggers lethal arrhythmias [11].
It is believed that at least half of the deaths due to coro-
nary artery disease are caused by a lethal arrhythmia
[12]. Although high doses of thEPO exert cardiopro-
tective effects against ischemia/reperfusion injury in
small animals [3-8], its effects on lethal arrhythmias
remain unknown. If rhEPO reduces the incidence of
ventricular fibrillation (VF) in the clinical setting, there
would be additional advantage to use this drug in the
realistic situation of acute myocardial infarction. Thus,
in the present study, we examined dose-dependent ef-
fects of thEPO administered just before reperfusion on
myocardial infarct size and the incidence of VF in the
in vivo canine model. We also evaluated whether any
such effects were mediated via the P13 kinase pathway.

Materials and Methods

Materials

Wortmannin was obtained from Sigma (St. Louis,
MO) and Phospho-Akt and Akt antibodies were ob-
tained from Cell Signaling Technologies (Beverly, MA).
RhEPO was provided by Chugai Pharmaceutical Co.,
Ltd (Tokyo, Japan).

Instrumentation
Forty-eight beagle dogs (Kitayama Labes, Yoshiki
Farm, Gifu, Japan) weighing 8 to 12 kg were anes-
thetized by an intravenous injection of sodium pen-
tobarbital (30 mg/kg), intubated, and ventilated with
room air mixed with oxygen (100% O, at flow rate of
1.0 to 1.5 L/min). Thoracotomy was done at the left
fifth intercostal space, and the heart was suspended
by a pericardial cradle. After intravenous administra-
tion of heparin (500 U/kg), the left anterior descend-
ing coronary artery (LLAD) was cannulated for perfu-
sion with blood from the left carotid artery through
an extracorporeal bypass tube. Coronary blood flow
was measured with an electromagnetic flow probe at-
tached to the bypass tube. We can selectively infuse
drugs into LLAD-perfused areas through this bypass
tube. The left atrium was catheterized for microsphere
injection to measure myocardial collateral blood flow
during ischemia. Hydration was maintained by a slow
normal saline infusion. The femoral artery was also
cannulated to measure the mean systemic blood pres-
sure (SBP). Both SBP and heart rate (HR) were mon-
itored continuously during the study. All procedures
were performed in conformity with the Guide for the
Care and Use of Laboratory Animals (NIH Publication
No. 85-23, 1996 revision), and were approved by the

Osaka University Committee for Laboratory Animal
Use.

Experimental protocols

Protocol 1. Long-term effects of vhE PO on hematomet-
ric parametersindogs. Totestthelong-term effectsof
rhEPO on hematometric parameters, 100 1U/kg (n = 5)
or 1,000 TU/kg (n = 5) of thEPO was intravenously ad-
ministered as a single injection. Blood was collected un-
der pentobarbital (15 mg/kg) anesthesia before and 7, 14
days after rhEPO treatment. Hematometric parame-
ters including hematocrit, white blood cell, and platelet
counts were measured.

Protocol 2; Measurement of infarct size, coronary
blood flow and myocardial collateral blood flow. Af-
ter hemodynamic stabilization, we administered a low
(100 IU/kg), or high (1,000 1U/kg) dose of rhEPO, or
saline 10 min prior to reperfusion (n = 8-12 each)
as a single intravenous injection (Fig. 1). To clar-
ify whether rhEPO reduces myocardial infarct size
through a PIS kinase-dependent pathway, a PI3 ki-
nase inhibitor, wortmannin, was selectively adminis-
tered into the LAD (1.5 ug/kg/min) for 60 min after
the onset of reperfusion. We have previously confirmed
that the dose of wortmannin employed in this study
is appropriate for blocking the phosphorylation of Akt
in myocardium [13). We measured infarct size and re-
gional myocardial collateral blood flow during 90 min of
ischemia as described previously [14]. In brief, infarct
size was evaluated at the end of the protocol by Evans
blue/TTC staining, while collateral blood flow was as-
sessed by the non-radioactive microsphere method [14].
Coronary blood flow was monitored continuously dur-
ing the study. To ensure that all of the animals included
in the data analysis were healthy and were exposed to
a similar extent of ischemia, the exclusion criteria re-
ported previously for excessive myocardial collateral
blood flow (>15 mL/100 g/min) and lethal arrhythmia
(more than two consecutive attempts required to con-
vert VI with low-energy DC pulses applied directly to
the heart) were adopted [14].

Effects of rhEPO on VF during

reperfusion period

In Protocol 2, we also evaluated the incidence of VF
during the 6 h reperfusion period (Fig. 1). Since my-
ocardial collateral blood flow during ischemia exhib-
ited a negative correlation with the incidence of VF
[15,16], the dogs with excessive collateral blood flow
(>15 mL/100 g/min) were excluded from VI analysis.

Phosphorylation of Akt

We used 12 dogs for western blot in the contral, low
EPO, high EPO, and high EPO + WTMN groups (7 = 3
each) in Protocol 2 (Fig. 1). After 90 min of ischemia fol-
lowed by 6 h of reperfusion, hearts were excised and
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Fig. 1. Experimental protocol for infarct size and VF.

the myocardial tissue in the ischemic zone was quickly
placed into liquid nitrogen and stored at —80°C. Phos-
phorylation of Akt and total content of Akt were eval-
vated as reported previously [13]. The immunoreac-
tive bands were quantified by densitometry (Molecular
Dynamics).

Terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling
(TUNEL)

In Protocol 2, the myocardial tissue samples were taken
from the ischemic zone of dogs in the control, low EPO,
high EPO, and high EPO + WTMN groups (n = 3 each).
These were fixed in 10% buffered formalin, embedded
in paraffin, and serially sectioned in the frontal plane at
5-pum thickness. Analysis by TUNEL method was per-
formed according to the protocol supplied with the in
situ apoptosis detection kit, the Apop Tag Peroxidase
In Sitw Apoptosis Detection Kit (CHEMICON Inter-
national, USA). TUNEL-positive cell nuclei and total
cell nuclei stained metylgreen were counted in 10-15
random high-power fields (x400), and the percentage

of TUNEL-positive cell nuclei to total cell nueclei (n =
1,000) were then calculated.

Statistical analysis

Statistical analysis was performed by one-way factional
analysis of variance (ANOVA) with modified Bonfer-
roni’s post hoc test when the data were compared
among groups. Time courses of the changes were com-
pared by repeated measures ANOVA. The incidence of
VF was compared using the x2-test and Fisher’s exact
probability test. Results were expressed as the mean
+ SEM, with p < 0.05 considered significant.

Results

The long-term effects of rhEPO on
hematometric paramelers

The single administration of either 100 IU/kg or
1,000 IU/kg of rhEPO did not change any hematomet-
ric parameters including hematocrit, white blood cells,
and platelet counts 7 or 14 days after rhEPO treatment
(Table 1).

Table 1. Long-term effects of vhE PO on hematometric parameters in dogs

EPO 100 IU/kg

EPO 1000 IU/kg

Parameters Day 0 Day 7 Day 14 Day 0 Day 7 Day 14

Ht (%) 50.1 % 0.8 51.1£0.9 513 £1.0 515+ 1.3 520+ 1.0 53.14+0.7
WBC (103/pL) 117413 121407 1144086 11.5+13 117 4+ 0.7 120+ 1.0
Platelet (104/mm?®) 33.7+2.0 33718 333+ 1.7 332+19 340+ 2.4 364 +£34

Data are presented as Mean + SEM. n = 5.

Abbreviations: thEPO = recombinant human erythropoietin, Ht = hematocrit, WBC == white blood cell.
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Effects of rhEPO on infarct size and VF
during the reperfusion period

Since 5 of 48 dogs were excluded from analysis because
of excessive collateral blood flow (>15 mL/100 g/min)
(control: 1, low EPO: 2, high EPO: 1, high EPO +
WTMN: 0, WTMN: 1), 43 dogs were evaluated for VF
analysis, Among these 43 dogs, we excluded 5 dogs (con-
trol: 2, low EPQ: 1, high EPO: 0, high EPO + WTMN: 1,
WTMN: 1) that matched the exclusion criteria of lethal
arrhythmia from infarct size analysis.

Throughout the study, neither SBP (Fig. 2A), nor
HR (Fig. 2B), nor coronary blood flow (Fig. 2C) differed
among the 5 groups. The area at risk (Fig. 8A) and my-
ocardial collateral blood flow in the LAD region during
myocardial ischemia (Fig. 3B) were also comparable in
the groups tested.

Table 2. Effects of ThEPO on the incidence of VF during
reperfusion periods

Group Incidence of VF
Control 50.0% (5/10)
Low EPO 40.0%  (4/10)
High EPO 0%*  (0/9)
High EPO + WTMN 429% (3/7)
WTMN 42.9% (3/7)

*n < 0,05 vs. control group.
Abbreviations: VF = ventricular fibrillation, rhEPO = recombinant human
erythropoietin, WIMN = wortmannin.

Figure 4 shows infarct size in the groups tested. A
low or high dose of rhEPO significantly (p < 0.05) re-
duced the infarct size compared with that in the control
group. Furthermore, a high dose of rhEPO reduced in-
farct size more than alow dose of rhEPO did. The intra-
coronary administration of wortmannin for 60 min after
the onset of reperfusion abrogated the infarct-limiting
effect of rhEPOQ, although wortmannin alone did not
affect infarct size.

The high, but not low, dose of rhEPO significantly
(p < 0.05) reduced the incidence of VF during the 6 h
reperfusion period compared with the control. The anti-
arrhythmic effects of rhEPO were abolished by wort-
mannin (Table 2).

Effects of rhEPO on Akt phosphorylation

After 90 min of ischemia followed by 6 h of reperfusion,
the ratio of phosphorylated Akt to total Akt in the low
and high EPO groups significantly (p < 0.05) increased
compared with that in the control group. The increase
in this ratio was completely abolished by the treatment
with wortmannin (Fig. 5).

Effects of rhEPO on apoptosis

The ratio of TUNEL positive cells to total cells in the
low and high EPO groups decreased compared with
that in the control group. The reduction of TUNEL-
positive cells by rhEPO was completely abolished by
the treatment with wortmannin (Fig. 6).

Discussion

In this study, we demonstrated that a single intra-
venous administration of rhEPO just before reperfu-
gion limited not only infarct size but also the incidence
of VF. Moreover, our data suggest that the infarct size-
limiting and anti-arrhythmic effects of rhEPO were
through the PI8 kinase-dependent pathways in the
in vivo canine hearts.

Important considerations towards clinical applica-
tion of rhEPO are the timing and dose of its admin-
istration. The previous studies reported that rhEPO
administered at the onset of reperfusion [7,8] as well
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as ischemia [7,8] reduces infarct size in rabbit and rat
hearts. Consistent with these reports, we confirmed
that thEPO administered 10 min before reperfusion re-
duced myocardial infarct size in dogs. Our findings sup-
port the idea that in humans the adjunctive therapy
with rhEEPO treatment during coronary intervention
would reduce myocardial infarct size.

The doses of rhEPO (1,000-5,000 1U/kg) admin-
istered in previous experimental studies [3-8] were
nearly 10 times higher than those clinically used in
anemic patients with chronic renal failure [9]. In the
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present study, we demonstrated that both 100 TU/kg
and 1,000 IU/kg of rhEPO as a single administration
significantly reduced myocardial infarct size, although
a high dose of thEPO significantly reduced infarct size
more than a low dose of rhEPO did. This finding sug-
gests that the clinically relevant dose of thEPO used
in patients with chronic renal failure can reduce my-
ocardial infarct size. In the previous clinical studies, a
high dose (83,000 IU once daily for the first 3 days)
of intravenously administered rhEPO was well tol-
erated in patients with stroke and improved clinical
outcome at 1 month [17]. On the other hand, a high
dose (40,000-60,000 1U per week) of subcutaneously
administered rhEPO, while not as a single injection,



38 Hirata et al.

Control Low EPO

E

(2]
(=1
5

40
30 -

% TUNEL-positive nuclei
[
<

High EPO High EPO + WTNN

Control Low EPO High EPO High EPO
+WTMN

Fig. 6. TUNEL staining in canine hearts after 90 min ischemia followed by 6 h of veperfusion. Representative examples of
TUNEL-staining from canine hearts in the control (A), low EPO (B), high EPO (C), and high EPO + WIMN groups (D). (E)
Quantitative data of the percentage of TUNE L-positive nuclei to total cell nuclei. *p < 0.05 vs. control group.

increased the incidence of thrombotic events such as
deep venous thrombosis or pulmonary embolisms in
patients with breast cancer [18]. Furthermore, there
are some reports that rhEPO increases the number of
platelets in normal rats [19] and chronically hemodia-
lyzed patients [20]. In the present study, we didn’t find
that either low or high dose of rhEPOQ, as a single in-
jection, changed hematometric parameters. Although
these findings suggest that a single administration of
1,000 1U/kg of rhEPO, that induced marked reduction
of myocardial infarct size, could be used safely, we must
be careful for the use of a high dose of rhEPO for the
treatment of myocardial infarction.

Previous reports have shown that both phosphory-
lation of Akt and inhibition of apoptosis are associated
© with infaret size-limiting effects due to rhEPO [4,6-8].
Recently, it was reported that PI3 kinase activity is
required for rhEPO to recover contractile dysfunction
and to block apoptosis induced by myocardial ischemia-
reperfusion in isolated hearts (ex vivo) [10]. Although
the recovery of contractile function could be related
to the reduction of infarct size, no evidence was pre-
sented that rhEPO reduced infarct size via the PI3
kinase-dependent pathway. In the present study we
have demonstrated that the infaret size-limiting effect
of rhEPO was blunted by the intracoronary adminis-
tration of wortmannin in dogs. This is the first evidence
showing that the infarct size-limiting effect of rhEPO is
dependent on the P18 kinase pathway in in vivo hearts.

In the present study, low and high doses of rhEPO
equally increased phosphorylation of Akt and de-
creased equivalent number of TUNEL-positive cells
in the ischemic myocardium of dogs. Either Akt phos-
phorylation or a decrease in the number of TUNEL-

positive cells was prevented by the PI3 kinase in-
hibitor, wortmannin. This finding suggests that rhEPO
prevents apoptotic cell death through PIS kinase/Akt-
dependent pathway in canine hearts. However, since
the TUNEL method also detects single strand breaks
oceurring in the course of necrotic cell death [21], it is
likely that thEPO attenuates apoptotic and necrotic cell
death. Indeed, if rhEPO only inhibits the apoptotic cell
death, it may be difficult to explain the marked reduc-
tion of infarct size by rhEPO. Interestingly, the previ-
ous studies reported that the PI3 kinase activates not
only Akt but also protein kinase C or mitogen-activated
protein kinase in ischemia/reperfusion models [22-24],
either of which mediates the cellular protection against
necrotic process [25,26]. Furthermore, recent reports
suggest that rhEPO can inhibit the release of free rad-
icals from neutrophils [27] and act as a radical scav-
enger [28], both of which may reduce cardiac cell death
afterischemia/reperfusion. Although furtherinvestiga-
tion will be needed, these characteristics of rthEPO may
contribute to the reduction of necrotic as well as apop-
totic cell death in ischemia/reperfused myocardium. In
addition, since wortmannin inhibits not only PI8 kinase
but also PI4 kinase and PI kinase related protein kinase,
there is a limitation in using wortmannin as a specific
inhibitor of PI3 kinase [29]."

In clinical settings, ventricular arrhythmias are of-
ten observed in patients following reperfusion ther-
apy and they can be life-threatening [30]. Importantly,
the present study demonstrated that a high, but not a
low dose of rhEPO prevented VF during reperfusion
via the PI3 kinase-dependent pathway. Since low and
high doses of rhEPO equally increased phosphoryla-
tion of Akt, it is unlikely that Akt is responsible for
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the rhEPO-induced anti-arrhythmic effect. There are
several possible mechanisms by which rthEPO exerts
anti-arrhythmic effects via the PI3 kinase-dependent,
but Akt-independent, pathway. First, under conditions
of reperfusion, production of inositol-1,4,5-trisphospate
(IP3) increases when phospholipase C (PLC) is acti-
vated through a-adrenoreceptors on the myocardial
cell membrane [11]. This increase in IP3 activates IP3
receptors on the sarcoplasmic reticulum causing the re-
lease of CaZ+. The increases in the intracellular Ca®*
levels caused by IP3 have been reported to initiate slow
Ca?+ oscillations, which underlies the delayed afterde-
polarizations that trigger many arrhythmias including
VF [11,31]. PLC hydrolyzes phosphatidylinositol-4,5-
bisphospate (PIP2) to produce IP3. Since PI3 kinase
and PLC can act upon the common substrate, PIP2
[32], rhEPO may prevent lethal arrhythmia by activat-
ing the PI3 kinase pathway that results in the decrease
in PIP2 levels, which will lead to prevent Ca’* over-
load by IP3. Second, since oxygen-derived free radi-
cals are involved in the generation of reperfusion ar-
rhythmia [30,33,34], rhEPO may decrease reperfusion
arrhythmia through the prevention of free radicals re-
lease from neutrophils or acting as a radical scavenger
[27,28]. Finally, we need to consider that rhEPO exerts
anti-arrhythmic effects by the reduction of myocardial
infarct size.

In conclusion, our findings, when translated into clin-
ical practice, may support the use of rhEPO as a car-
dioprotective agent in the treatment of patients with
myocardial infarction.

Acknowledgments

We thank Yuko Okuda, Yoko Nagamachi, Nobuko Kawasaki and
Tomni Fukushima for their technical assistance.

References

1. Siren AL, Fratelli M, Brines M, et al. Erythropoietin
prevents neuronal apoptosis after cerebral ischemia and
metabolic stress. Proc Natl Acad Sei USA 2001;98:4044-
4049.

2. van der Meer P, Voors AA, Lipsic E, van Gilst WH, van
Veldhuisen DJ. Erythropoietin in cardiovascular diseases.
Eur Heart J 2004;25:285-291.

3. Calvillo L, Latini R, Kajstura J, et al. Recombinant hu-
man erythropoietin protects the myocardium from ischemia-
reperfusion injury and promotes beneficial remodeling. Proc
Natl Acad Sei USA 2008;100:4802—4806.

4, Tramontano AF, Muniyappa R, Black AD, et al. Erythropoi-
etin protects cardiac myocytes from hypoxia-induced apop-
tosis through an Akt-dependent pathway. Biochem Biophys
Res Commaun 2003;308:990-994.

5. Moon C, Krawezyk M, Ahn D, et al. Erythropoietin reduces
myocardial infarction and left ventricular functional decline
after coronary artery ligation in rats. Proc Nail Acad Sci
USA 2003;100:11612-11617.

- 196 —

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.

22.

23.

. Parsa CJ, Matsumoto A, Kim J, et al. A novel protective

effect of erythropoietin in the infarcted heart. J Clin Invest
2003;112:999-1007.

. Parsa CJ, Kim J, Riel RU, et al. Cardioprotective effects of

erythropoietin in the reperfused ischemic heart: A poten-
tial role for cardiac fibroblasts. J Biol Chem 2004;279:20655-
20662.

. Lipsic E, van der Meer P, Henning RH, et al. Tim-

ing of erythropoietin treatment for cardioprotection in is-
chemia/reperfusion. J Cardiovasc Pharmacol 2004;44:473-
479.

. NKF-DOQ! clinical practice guidelines for the treatment of

anemia of chronic renal failure. National Kidney Foundation-
Dialysis Outcomes Quality Initiative. Am J Kidney Dis
1997;30:3192-3240.

Cai Z, Semenza GL. Phosphatidylinositol-3-kinase signal-
ing is required for erythropoietin-mediated acute protection
against myocardial ischemia/reperfusion injury. Circulation
2004;109:2050-2053.

Woodeock EA, Matkovich SJ, Binah O. Ins(1,4,5)P3 and car-
diac dysfunction. Cardiovasc Res 1998;40:251-256.

Billman GE, Hallaq H, Leaf A. Prevention of ischemia-
induced ventricular fibrillation by omega 3 fatty acids. Proc
Natl Acad Sci USA 1994;91:4427-4430.

Ogita H, Node K, Asanuma H, et al. Raloxifene improves
coronary perfusion, cardiac contractility, and myocardial
metabolism in the ischemic heart: Role of phosphatidyli-
nositol 3-kinase/Akt pathway. J Cardiovasc Pharmacol
2004;43:821-829.

Ogita H, Node K, Asanuma H, et al. Amelioration of
ischemia- and reperfusion-induced myocardial injury by the
selective estrogen receptor modulator, raloxifene, in the ca-
nine heart. J Am Coll Cardiol 2002;40:998-1005.

Hale SL, Lange R, Alker KJ, Kloner RA. Correlates of
reperfusion ventricular fibrillation in dogs. Am J Cardiol
1984;53:1397-1400.

Bolli R, Patel B. Factors that determine the occurrence of
reperfusion arrhythmias. Am Heart J 1988;115:20-29.
Ehrenreich H, Hasselblatt M, Dembowski C, et al. Erythro-
poietin therapy for acute stroke is both safe and beneficial.
Mol Med 2002;8:495-505.

Rosenzweig MQ, Bender CM, Lucke JF, Yasko JM, Bruf-
sky AM. The decision to prematurely terminate a trial of R-
HuEPO due to thrombotic events. J Pain Symptom Manage
2004;27:185-190.

Berridge MV, Fraser JK, Carter JM, Lin FK. Effects of re-
combinant human erythropoietin on megakaryocytes and on
platelet production in the rat. Blood 1988;72:970-977.

Tang WW, Stead RA, Goodkin DA. Effects of Epoetin
alfa on hemostasis in chronic renal failure. Am J Nephrol
1998;18:263-273.

Ohno M, Takemura G, Ohno A, et al. “Apoptotic” myocytes
in infarct area in rabbit hearts may be oncotic myocytes with
DNA fragmentation: Analysis by immunogold electron mi-
croscopy combined with In situ nick end-labeling. Circula-
tiom 1998;98:1422-1430.

Mizukami Y, Hirata T, Yoshida K. Nuclear translocation of
PKC zeta during ischemia and its inhibition by wortman-
nin, an inhibitor of phosphatidylinositol 8-kinase. FEBS Lett
1997,401:247-251. ‘ .

Mizukami Y, Kobayashi S, Uberall F, Hellbert K, Kobayashi
N, Yoshida K. Nuclear mitogen-activated protein kinase ac-
tivation by protein kinase czeta during reoxygenation after
ischemic hypoxia. J Biol Chem 2000;275:19921-19927.




40

24.

25.

26.

21.

28.

Hirata et al.

Takeda H, Matozaki T, Takada T, et al. PI 8-kinase gamma
and protein kinase C-zeta mediate RAS-independent activa-
tion of MAP kinase by a Gi protein-coupled receptor. Embo
J 1999;18:386-395.

Ping P, Zhang J, Zheng YT, et al. Demonstration of selective
protein kinase C-dependent activation of Src and Lck ty-
rosine kinases during ischemic preconditioning in conscious
rabbits. Circ Res 1999;85:542-550.

Sanada S, Kitakaze M, Papst PJ, et al. Role of phasic dy-
namism of p38 mitogen-activated protein kinase activation
in ischemic preconditioning of the canine heart. Cire Res
2001;88:175-180.

Kristal B, Shurtz-Swirski R, Shasha SM, et al. Interaction
between erythropoietin and peripheral polymorphonuclear
leukocytes in hemodialysis patients. Nephron 1999;31:406—-
413.

Chattopadhyay A, Choudhury TD, Bandyopadhyay D, Datta
AG. Protective effect of erythropoietin on the oxidative dam-
age of erythrocyte membrane by hydroxyl radical. Biochem
Pharmacol 2000;59:419-425.

© Springer-Verlag
The Publisher and other involved in compiling the content of this publication make no warranty as to the accuracy or
completeness of any information and accept no responsibility or liability for any inaccuracy or errors or omissions.
Please check all prescribing information directly with the manufacturer.

C@ntenEd Net

Communications 8. L.

Reprinted with permission by Content'Ed Net Inc.
1-1-21-1002, Tamagawa, Fukushima-ku, Osaka, JAPAN
Tel: (06)-6445-1301 Fax: (06)-6445-6156 E-mail: contentednet@cwo.zaq.ne.jp

— 197 —

29.

30.

31

32.

33.

34.

Stein RC. Prospects for phosphoinositide 8-kinase inhibition
as a cancer treatment. Endocr Relat Cancer 2001;3:237-248.
Jeroudi MO, Hartley CJ, Bolli R. Myocardial reper-
fusion injury: Role of oxygen radicals and potential
therapy with antioxidants. Am J Cardiol 1994;73:2B-
7B.

Van Wagoner DR, Bond M. Reperfusion arrhythmias: New
insights into the role of the Na(+)Ca(2+) exchanger. J Mol
Cell Cardiol 2001;33:2071-2074.

Marshall AJ, Niiro H, YunTJ, Clark EA. Regulation of B-cell
activation and differentiation by the phosphatidylinositol 3-
kinase and phospholipase Cgamma pathway. Immaunol Rev
2000;176:30-46.

Lee YM, Hsiao G, Chen HR, Chen YC, Sheu JR, Yen
MH. Magnolol reduces myocardial ischemia/reperfusion in-
jury via neutrophil inhibition in rats. Eur J Pharmacol
2001;422:159-167.

Hansen PR. Myocardial reperfusion injury: Experimental
evidence and clinical relevance. Eur Heart J 1995;16:734~
740.



Am J Physiol Heart Circ Physiol 289: H924-H930, 2005.

First published April 15, 2005; doi:10.1152/ajpheart.01207.2004.

Microdialysis separately monitors myocardial interstitial myoglobin

during ischemia and reperfusion

Hirotoshi Kitagawa,! Toji Yamazaki, Tsuyoshi Akiyama,?

Masaru Sugimachi,® Kenji Sunagawa,® and Hidezo Mori?

'Department of Anesthesiology, Shiga University of Medical Science, Otsu; Departments of 2Cardiac Physiology
and 3Cardiovascular Dynamics, National Cardiovascular Center Research Institute, Suita; and “Department

of Cardiovascular Medicine, Kyushu University Graduate School of Medical Sciences, Fukuoka, Japan

Submitted 1 December 2004; accepted in final form 6 April 2005

Kitagawa, Hirotoshi, Toji Yamazaki, Tsuyoshi Akiyama,
Masaru Sugimachi, Kenji Sunagawa, and Hidezo Mori. Micro-
dialysis separately monitors myocardial interstitial myoglobin dur-
ing ischemia and reperfusion. Am J Physiol Heart Circ Physiol
289: H924-H930, 2005. First published April 15, 2005;
doi:10.1152/ajpheart.01207.2004. —Direct monitoring of myoglobin
efflux during ischemia and reperfusion has been limited because of
inherent sample collection problems in the ischemic region. Recently,
the cardiac dialysis technique has offered a powerful method for
monitoring myocardial interstitial levels of low-molecular-weight
compounds in the cardiac ischemic region. In the present study, we
extended the molecular target to high-molecular-weight compounds
by use of microdialysis probes with a high-molecular-mass cutoff and
monitored myocardial interstitial myoglobin levels. A dialysis probe
was implanted in the left ventricular free wall in anesthetized rabbits,
The main coronary artery was occluded for 60 or 120 min. We
examined the effects of myocardial ischemia and reperfusion on
myocardial interstitial myoglobin levels. Interstitial myoglobin in-
creased within 15 min of ischemia and continued to increase during
120 min of ischemia, whereas blood myoglobin increased at 45 min of
ischemia. Lactate and myoglobin in the interstitial space increased
during the same period. At 60 min of ischemia, reperfusion markedly
accelerated interstitial myoglobin release. The interstitial myoglobin
level was fivefold higher at 0-15 min of reperfusion than at
6075 min of coronary occlusion. The dialysis technique permits
earlier detection of myoglobin release and separately monitors myo-
globin release during ischemia and reperfusion, Myocardial interstitial
myoglobin levels can serve as an index of myocardial injury evoked
by ischemia or reperfusion.

infarction; interstitial space; membrane permeability

IT IS WELL KNOWN that certain proteins, including myoglobin,
called serum cardiac markers, are released into the bloodstream
in large quantities from necrotic cardiac muscle cells after
myocardial infarction (20, 26, 43). However, because direct
samples from the ischemic region are not readily obtainable, in
situ studies on efflux of these proteins in the cardiac ischemic
region have been limited (22). This problem of sample collec-
tion from the ischemic region remains unresolved. First, it is
uncertain exactly when cardiac markers appear from injured
myocardium. The appearance of cardiac markers indicates the
turning point from reversible injury to irreversible damage
(43). However, the first appearance of cardiac markers in the
bloodstream is influenced by the slow transport of cardiac

Address for reprint requests and other correspondence: T. Yamazaki,
Dept. of Cardiac Physiology, National Cardiovascular Center Research
Institute, 5-7-1 Fujishirodai, Suita, Osaka 565-8565, Japan (E-mail:
yamazaki@ri.ncve.go.jp).

H924

0363-6135/05 $8.00 Copyright ® 2005 the American Physiological Society

markers from the interstitial space into the bloodstream (20).
Thus the detection of this appearance is of great value in
understanding the pathophysiological events induced by myo--
cardial ischemia. Second, recent experimental and clinical
findings suggest that reperfusion jtself seems to accelerate the
release of cardiac markers (18, 37, 38). However, the extent to
which reperfusion contributes to relative changes in their
release is unclear, To determine myocardial injury evoked by
reperfusion, more information is needed about the extent to
which ischemia and reperfusion affect changes in the release of
cardiac markers. Third, present methods used to measure
infarct size require tissue analysis several hours after the
ischemic event (8). Furthermore, histochemical analysis de-
pends on the times of ischemia and reperfusion (23, 33).
Concise, dissociated assessments of ischemia and reperfusion
injury have been a frequent object of research.

In general, mobilization of cardiac markers from ischemic
myocardium to the bloodstream has been divided into two
different sequences: release from the myocardial cell to the
interstitial space and transport from the interstitial space into
the bloodstream (20). Therefore, if we examine the first process
in in situ myocardium, we can discuss the pathophysiological
changes during development of ischemic myocardial necrosis.
However, little information is available on interstitial protein
kinetics in the ischemic region (15). Examination of protein
kinetics in the ischemic region has been limited to assessment
of protein kinetics in the isolated Langendorff-perfused heart
(28, 39). Recently, a cardiac dialysis technique has provided a
powerful method for monitoring myocardial interstitial levels
of low-molecular-weight compounds in the cardiac ischemic
region (2, 6, 14, 31). Furthermore, this method is suitable for
distinguishing between ischemia and reperfusion responses
(32). By improving the microdialysis probes with a high-
molecular-mass cutoff membrane, we have extended the mo-
lecular target to high-molecular-weight peptides and proteins
and monitored myocardial interstitial protein levels.

In the present study, we chose myoglobin as one of the
earliest biochemical markers in myocardial injury (4, 34). We
applied the dialysis technique to the heart of anesthetized
rabbits and investigated myocardial interstitial myoglobin lev-
els during coronary occlusion and reperfusion. To address the
above-mentioned issues, we compared the first appearance of
myocardial interstitial myoglobin levels with that of low-
molecular-weight metabolites (lactate and glycerol). Further-
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