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INTRODUCTION
ST-segment elevation is a typical hall-

mark to diagnose AMI and is the major
clinical criterion for committing patients
with chest pain to emergent coronary
revascularizations. In spite of this knowl-
edge, the mechanism of ST-segment ele-
vation remains unclear. For decades, two
mechanistic theories, the “injury current”
theory and the “transmural potential
gradient” theory, have aimed to explain
ST-segment elevation. However, neither
theory can explain how the transmural
voltage gradient that leads to ST-segment
elevation is generated during ventricular
repolarization or explain its ionic basis.
Evidence indicates that the potassium

channel may be critical for this process.
For example, potassium current activa-
tion is sufficient to cause ST elevation
during acute ischemia (1). Activation of
the ATP-sensitive K+ channel (KATP chan-
nel) owing to hypoxia is generally hy-
pothesized to result in ST-segment eleva-
tion in AMI (2). Additionally, Kir6.2 was
shown to be responsible for ST-segment
elevation in Kir6.2-knockout mice (3).

Thrombin, a serine protease, is gener-
ated at sites of vascular injury and is a
key molecule in the pathogenesis of AMI
because it is involved in thrombus for-
mation. The generation of thrombin dur-
ing AMI is a long-lasting process, which
extends beyond the acute phase of myo-

cardial infarction (4). Thrombin binds to
its receptor and cleaves it in the NH2-
terminal portion. The exposed new
NH2-terminus has been proposed to
function as a ‘‘tethered peptide ligand’’
binding to this receptor in hirudinlike
regions to cause receptor activation.
Hirudin could combine the hirudinlike
region of the receptor to compete with
tethered peptide ligand binding to this
region. Thrombin receptor activating
peptide (TRAP), the synthetic peptide of
5-14 amino acids, correspond to the teth-
ered ligand sequence. TRAPs have been
found to be agonists for receptor activa-
tion (5,6). Thrombin and the thrombin
receptor have been shown to play im-
portant roles in diverse biological
processes, such as platelet aggregation,
inflammation and cell proliferation, in a
wide variety of tissues (7). Because ST-
segment elevation is the major criterion
for thrombolytic therapy, we aimed to
examine the role of thrombin and its re-
ceptor activation in ST-segment eleva-
tion during AMI.
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MATERIALS AND METHODS

Animal Model
All experimental protocols complied

with the Guide for the Care and Use of
Laboratory Animals published by the
US National Institutes of Health and
the regulations of the Animal Care and
Use Committees at Sun Yat-sen Univer-
sity. Albino male guinea pigs (Experi-
mental Animal Center, Guangdong,
China) weighing 350–400 g were used
in our experiments. The animal AMI
model was created as described (8).
Briefly, the animals were anesthetized
with an intraperitoneal injection of
sodium pentobarbital (40–50 mg/kg).
The guinea pigs were then restrained in
a supine position, and a tracheotomy
was performed. The animals were ven-
tilated with oxygen- enriched room air
(90 breaths/min, 5 mL/kg). Electrocar-
diogram (ECG) limb electrodes were
positioned to record in the standard
lead II configuration, and each needle
electrode was placed under the skin. A
left thoracotomy was performed, and
then the proximal left coronary artery
(LCA) between the pulmonary artery
outflow tract and the left atrium was
occluded with a silk suture. Myocardial
ischemia was confirmed by the presence
of regional cyanosis and ST-segment el-
evation in the ECG and was further
confirmed by Evans blue perfusion
after every experiment. Only the data
from animals with infarct indices be-
tween 15% and 25% were analyzed. In
the sham control animals, a silk suture
was placed under the LCA without lig-
ation. The ECG was recorded at least
5 min after opening the chest for ac-
climatization and immediately after the
LCA occlusion to allow continuous
monitoring of changes in the ST seg-
ment during ischemia. In some experi-
ments, reagents with restricted vol-
umes of 100 µL were injected into the
midmyocardial wall of infarcted or
 uninfarcted left ventricles. ST-segment
elevation in animal models can be vari-
able. For instance, ST-segment eleva-
tion can be caused by a vector change

that results from ischemia, a mechani-
cal alteration of the heart geometry or
other factors. Therefore, we analyzed
only stable ST segment changes re-
corded after surgery.

Infarction Sizing
At the end of each experiment, 1.5 mL

of 1% Evans blue was slowly injected
into the right jugular vein to delineate
the myocardial nonperfused zone. The
left ventricle was cooled at –20°C for 
30 min and cut into 5–10 transverse
slices with a custom-made tool com-
posed of five parallel razor blades. The
slices were weighed, and both sides of
each slice were digitally photographed
using a high-resolution digital camera.
The size of the nonperfused zones and
normal zones were outlined in each sec-
tion (Figure 1A) (9) and measured by
planimetry using Adobe Photoshop CS
8.0.1. Areas were quantified on both
sides of each slice and averaged by an
investigator blinded to the treatment
protocols. The weight of the nonperfused
zone (WNZ) in every slice was calcu-
lated using the following formula:
WNZ in each slice = (nonperfused area
in every slice/total area of each slice) ×
weight of each slice. The total weight of
the nonperfused zone was: WNZ =
(WN1 + WN2 … + WN10), and the in-
farct index was calculated as follows:
infarct index = 100 × WNZ/weight of
both ventricles.

Ventricular Myocyte Preparation and
Patch-Clamp Experiments

A single ventricular myocyte was en-
zymatically dissociated (online Data
Supplement). Single-channel current
recordings were carried out at room
temperature using the conventional
cell- attached patch configuration,
where the patch pipette was filled with
the pipette solution and the bath con-
tained Tyrode’s solution. An Axon 200B
patch-clamp amplifier was used to rec-
ord channel current. The current was
low-pass filtered at 0.2–0.5 kHz and
digitized with an Axon interface
 (DigiData 1320). Data were collected by

an Acer-compatible Pentium computer
at a rate of 2 kHz and analyzed using
pClamp software system 9.2 (Axon In-
struments, Burlingame, CA, USA).
Channel activity (NPo) was calculated
by multiplying the channel open proba-
bility (Po) and channel number (N). NPo
was calculated from 30- to 60-sec data
samples of 30~60 sec duration recorded
at the end of each experiment in the
steady state as follows:

NPo = ≤ (1t1 + 2t2 + … iti)

where ti is the fractional open time spent
in each of the observed current levels. An
all-point histogram (pClamp 9.2) was
used to measure channel activity after
determining the closed channel level. No
efforts were made to determine whether
the change was induced by alterations in
channel number or Po. The channel slope
conductance was determined by measur-

Figure 1. (A) Planimetry of myocardial in-
farct size. Digital photographs of a mid-
ventricular slice after Evans blue staining.
Nonperfused zones are clearly identifiable
from the normal zones. (B) There was no
correlation between the ratios of ST/QRS+

and the infarct index 
(r = –0.065, n = 20). 
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ing the K+ current at different holding
potentials.

Action Potential Recordings in
Langendorff-Perfused Hearts

Isolated guinea pig hearts were per-
fused as described (10). Briefly, guinea
pigs were anesthetized with sodium pen-
tobarbital (40–50 mg/kg) and given 
200 IU heparin. The heart was quickly
excised and submerged in ice-cold
Krebs-Henseleit solution and equili-
brated with 95% O2/5% CO2 (pH 7.4,
37°C). For endocardial recordings, a
small access window was created in the
interventricular septum to gain access to
the left ventricular endocardium. Each
heart was perfused retrogradely using
the Langendorff method and was pro-
vided a constant flow rate of 15 mL/min
modified Krebs-Henseleit solution before
the right ventricular free wall was partly
removed and a small access window in
the septum was created. Thereafter, the
perfused heart was stabilized and
monophasic action potentials (MAPs)
were recorded.

The MAP recording protocols used
were described by Killeen et al. (11).
Briefly, two custom-made MAP elec-
trodes were constructed from two
spring-shaped, twisted strands of Teflon-
coated silver wire (1-mm diameter,
99.99% purity). The electrodes were posi-
tioned onto the left ventricular free wall
under a stable contact pressure until
MAP signals were reproducibly recorded
on the BL-420E+ Biological Function
Analysis System (Taimeng, Chengdu,
China). MAPs were amplified, band-pass
filtered and digitized before they were
extracted and analyzed. Recordings were
considered reproducible if they had a
stable baseline, a rapid upstroke phase
with a consistent amplitude, a smooth
contoured repolarization phase and a
stable duration.

MAPs were simultaneously recorded
from epicardial (EpiMAP) and endocar-
dial (EndoMAP) sites in the center of left
ventricular free walls (10). A transmural
ECG was recorded with two silver chlo-
ride electrodes (2-mm internal diameter

Figure 2. (A) Experimental protocol. The guinea pigs were divided into four groups: 2.5 ATU
hirudin (100 µL), 4 ATU hirudin (100 µL), 5 ATU hirudin (100 µL), and vehicle (0.01% mannitol)
for hirudin were locally injected in the left ventricular area 1–2 mm below the LCA liga-
ture. The different doses of hirudin were injected 1–2 min before the LCA ligation. (B) Rep-
resentative electrocardiographic recordings of different hirudin dosages at different time
points after LCA ligation. (C) Summary percent of control of the ST/QRS+ at different time
points for each group. Data are mean ± SEM from five animals per group. *P < 0.05, 5 ATU
hirudin group versus 2.5 ATU hirudin group, 4 ATU hirudin group, and control group. #P < 0.05,
4 ATU hirudin group versus 2.5 ATU hirudin group and control group. 
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with fishhook-shaped tip) placed at the
epicardial (+) and endocardial (–) sur-
faces of the left ventricular free wall
along approximately the same axis as the
transmural recordings. The duration of
the MAP was measured at 90% repolar-
ization (MAP90).

Statistical Analysis
All values are presented as means ±

SEM. Pearson correlation analysis was
used to evaluate the relationship be-
tween variables. Differences were evalu-
ated using analysis of variance followed
by the Student t test (paired or un-
paired). Differences were considered to
be statistically significant at P < 0.05.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Animal Model for ST-Segment
Elevation

Studies were conducted on an animal
model of ST-segment elevation after
LCA ligation. As shown in Figure 1A,
the nonperfused zones were clearly
identified. ST-segment elevation follow-
ing AMI gradually returned to baseline
in a time-dependent manner. ST-
 segment elevation had no relationship
to the infarct index (Figure 1B). In
 addition, thrombin activity in the
 infarcted left ventricular wall signifi-
cantly increased 5 min after LCA liga-
tion in the model (Figure, online Data
Supplement).

Effect of Hirudin and TRAP on the ST
Segment after AMI

To determine the influence of en-
dogenous thrombin on ST-segment ele-
vation after AMI, different doses of
hirudin (2.5, 4 and 5 ATU), an antago-
nist to thrombin, were locally injected
into the infarcted left ventricular walls
(Figures 2A, 3A). The ratios of ST-
 segment elevation to positive QRS am-
plitude (ST/QRS+) were compared at
different time points. As shown in
 Figure 2B, C, hirudin significantly de-

Figure 3. (A) Experimental protocol. Guinea pigs were divided into two groups: 5 ATU
hirudin + TFA and 5 ATU hirudin + TRAP.  In the 5 ATU hirudin + TRAP group, 5 ATU hirudin
was locally injected in the left ventricular wall 1–2 mm below ligature of LCA 1–2 min be-
fore the LCA ligation. Thereafter, TRAP (250 nmol/L [100 µL]) or TFA was locally injected in
the same area 1–2 min after the LCA ligation. (B) Representative electrocardiographic
recordings of locally injected TRAP or TFA at different time points after LCA ligation. (C)
Summary percent of control of the ST/QRS+ at different time points in five cases from
each group. Data are mean ± SEM from five animals per group. *P < 0.05 versus 5 ATU
hirudin group. 



3 2 6 |  L O N G  E T  A L .  |  M O L  M E D  1 6 ( 7 - 8 ) 3 2 2 - 3 3 2 ,  J U L Y - A U G U S T  2 0 1 0

T H R O M B I N  A N D  S T  S E G M E N T  E L E V A T I O N  I N  A M I

creased ST/QRS+ in a dose- dependent
manner. The infarct index in the control
(22.6% ± 2.15%), 2.5 ATU hirudin
(21.5% ± 1.88%), 4 ATU hirudin (18.9% ±
2.01%) and 5 ATU hirudin (18.6% ±
2.33%) groups showed no significant
differences.

To further examine the effect of the
thrombin on the ST segment after AMI,
the thrombin receptor was activated
with a local injection of exogenous
TRAP (250 nmol/L [100 µL]) into the
infarcted left ventricular as shown in
Figure 3A. Interestingly, as shown in
Figure 3B, C, TRAP (250 nmol/L
[100 µL]) can significantly reverse the
effect of 5 ATU hirudin, which de-
creased ST/QRS+. The infarct index in
the 5 ATU hirudin group (18.6% ±
2.33%) and 5 ATU hirudin + TRAP
group (19.5% ± 2.33%) showed no sig-
nificant differences.

Effect of the KATP Channel on TRAP-
Induced ST-Segment Elevation

Studies have shown that local activa-
tion of the KATP channel due to deple-
tion of intracellular ATP in infarcted
areas of AMI subjects leads to ST-
 segment elevation in ECG recordings
after AMI (12,13). We hypothesized that
the effect of thrombin observed in our
study was due to the KATP channel. To
eliminate the interference of ATP deple-
tion inducing KATP channel activation in
the AMI model and TRAP-induced ves-
sel constriction, we designed an experi-
ment that directly locally injected TRAP
into uninfarcted left ventricles. As de-
scribed in the experimental protocol
(Figure 4A), our data showed that
TRAP (250 nmol/L [100 µL]) signifi-
cantly increased ST/QRS+ in normal
left ventricular walls. Glibenclamide 
(4 mg/kg [100 µL]) and HMR1098 
(4 mg/kg [100 µL]) nearly blocked the
increase in ST/QRS+ induced by TRAP.
5HD (3 mg/kg [100 µL]) significantly
decreased the TRAP-induced change in
ST/QRS+ (Figure 4B, C). To further ex-
clude the effect of ATP depletion on
TRAP-induced vessel constriction, we
used the KATP channel opener, pinacidil,

Figure 4. (A) Experimental protocol in guinea pigs that did not undergo LCA ligation. The
animals were divided into five groups: 5HD and TRAP, HMR1098 and TRAP, glibenclamide
(Gli) and TRAP, vehicle for glibenclamide (DMSO) and TRAP, and vehicle for glibenclamide
(0.011% DMSO) and vehicle (0.1% TFA) for TRAP. Each animal received an intravenous in-
jection in the right jugular vein of 5HD (3 mg/kg [100 µL]), HMR1098 (4 mg/kg [100 µL]),
glibenclamide (4 mg/kg [100 µL]) or 0.011% DMSO (100 µL), according to their respective
groupings 14–15 min before TRAP (250 nmol/L [100 µL]) or TFA (100 µL) was locally injected
into the left ventricular area. (B) Representative electrocardiographic recordings. (C)
Summary percent of control of ST/QRS+ at different time points for each group. Data are
mean ± SEM from five animals per group. *P < 0.05, Gli + TRAP group versus 5HD + TRAP
group, DMSO + TFA group, and DMSO + TRAP group. #P < 0.05, HMR1098 + TRAP group ver-
sus 5HD + TRAP group. 
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to mimic TRAP in the same model
 (Figure 5A). Interestingly, pinacidil had
an effect similar to that of TRAP (Fig-
ure 5B, C). As shown in Figure 5, ad-
ministration of pinacidil activated KATP
channels in the uninfarcted hearts,
which significantly increased ST/QRS+

in the same manner that ischemia in-
creases ST/QRS+. PBS, the vehicle for
pinacidil, did not show any effect on
ST/QRS+. The increase in ST/QRS+ by
pinacidil was nearly completely
blocked by 4 mg/kg glibenclamide
(100 µL) and was significantly de-
creased by 4 mg/kg HMR1098 (100 µL).
5HD (3 mg/kg [100 µL]) partially de-
creased the pinacidil-induced change in
ST/QRS+.

Effect of TRAP on KATP Channels
To further clarify the effect of TRAP

on cardiac myocytes, we used single-
channel patch-clamp electrophysiology
to observe the effect of TRAP on KATP
channels. After getting current trace
from cell-attached patch, we pulled the
pipette away from the cell and kept the
voltage at 0 mV, then got the inside-out
trace. As shown in Figure 6A1, A2,
 typical KATP channel traces were re-
corded from cell-attached patches.
These currents were inhibited by
glibenclamide (10 µM), indicating that
the channels were KATP channels. Next,
we investigated the effect of TRAP on
KATP channel activity. TRAP (100 µM)
significantly increased NPo from 0.33 ±
0.083 to 0.88 ± 0.094 (n = 7, P < 0.01)
(Figure 6B1, B3). This effect was mim-
icked by using pinacidil (Figure 6B2, B3).
To determine whether the mitochondr-
ial KATP  (mitoKATP) or sarcolemmal KATP
 (sarcKATP) channels were involved in
the effect of TRAP, we tested the effects
of HMR1098 and 5HD on TRAP-
 induced KATP channel activities. As
shown in Figure 6C, TRAP (100 µM)
and HMR1098 (100 µM) significantly
decreased NPo from 0.65 ± 0.10 to 
0.42 ± 0.13 (n = 6, P < 0.01). Treatment
with 5HD (10 µM) did not significantly
alter NPo (0.33 ± 0.08 to 0.25 ± 0.04, 
n = 6, P = 0.133698).

Figure 5. (A) Experimental protocol. All animals were divided into five groups, and the LCA
was not tightened: vehicle (Vh [PBS]) for 5HD or HMR1098 and pinacidil (Pin), 5HD and Pin,
HMR1098 and Pin, vehicle (PBS) for 5HD or HMR1098 and vehicle (PBS) for pinacidil (Vh
and Vh), and glibenclamide (Gli) and Pin. The guinea pig was intravenously injected in the
right jugular vein with PBS (100 µL), 5-HD (3 mg/kg [100 µL]), HMR1098 (4 mg/kg [100 µL]) or
glibenclamide (4 mg/kg [100 µL]), according to their respective grouping 14–15 min be-
fore pinacidil (0.45 mg/kg [100 µL]) or PBS (100 µL) was locally injected into the left ventric-
ular area. (B) Representative electrocardiographic recordings. (C) Summary percent of
control of ST/QRS+ at different time points for each group. Data are mean ± SEM from five
animals per group. *P < 0.05, Gli + Pin group versus 5HD + Pin group, PBS + PBS group, and
PBS + Pin group. #P < 0.05, 5HD + Pin group versus HMR1098 + Pin group. 
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able to reverse the TRAP-induced
EpiMAP changes. After perfusion with
HMR1098, TRAP-induced EpiMAP du-
ration shortening and TRAP-induced
ST-segment elevation in simultaneously
recorded ECGs almost disappeared
(Figure 7C and Table 1). The MAP90 in
the epicardial and endocardial walls
did not change significantly under
HMR1098 perfusion. 5HD partially re-
versed the TRAP-induced EpiMAP du-
ration shortening, and the TRAP-
 induced ST-segment elevation in the
simultaneously recorded ECG partially
recovered (Figure 7D). The MAP90 mea-
sured in the epicardial walls partially
decreased following 5HD and TRAP
perfusion (Table 1B).

DISCUSSION
Our studies demonstrated that elimi-

nating endogenous thrombin with

hirudin significantly decreased ST-
 segment elevation, which was induced
by AMI in our guinea pig model. Some
previous studies demonstrated that
tying a single vessel off for a few days
to weeks did not cause myocardial in-
farction in guinea pig hearts (14,15).
However, other researchers showed
that LCA ligation in guinea pigs re-
sulted in infarction within 3 days of
surgery (16–18). Our data indicate that
LCA ligation resulted in a nonperfused
zone within 1 hour in nearly all the an-
imals. Possible reasons for the differ-
ences among these studies include the
following: (a) Ligation of LCA does not
ligate only a single vessel. The area be-
tween pulmonary artery outflow tract
and left atrium was ligated, which may
include the left descending artery and
left circumflex artery. (b) Establishing
collateral vessels takes time. Collateral

ST-Segment Elevation in ECG, EpiMAP
and EndoMAP in Left Ventricle Walls

To further clarify the electrophysio-
logical mechanism by which TRAP in-
creased ST/QRS+, we tested the effect of
TRAP on EpiMAP and EndoMAP. The
experimental protocols are shown in
Figure 7A. The results, shown in Table 1,
demonstrate that 200 nmol/L TRAP sig-
nificantly decreased MAP90 in the epi-
cardial walls (153 ± 4 versus 135 ± 3,
n = 5, P < 0.05) but not in the endocar-
dial walls (154 ± 2 versus 156 ± 4, n = 5,
P > 0.05) of left ventricles. In addition,
as shown in Figure 7B1, the shortened
EpiMAP duration underlies the appar-
ent ST-segment elevation in ECG, which
was simultaneously recorded with their
MAPs. TFA (0.1%), the vehicle for
TRAP, did not show such an effect
when administered alone (Figure 7B2
and Table 1). HMR1098 appeared to be

Figure 6. Effects of treatments on KATP currents. For all the traces, the holding potential was 0 mV, and the closed channel current is
indicated by C. (A1) Inhibition of KATP channel activity by 10 µM glibenclamide. The top trace shows the experimental time course.
Two parts of the trace, indicated by numbers, are extended to show the fast time resolution. (A2) Bar graph showing the mean and
SEM of NPo. Glibenclamide (100 µM) significantly decreased NPo from 0.56 ± 0.18 to 0.06 ± 0.03 (n = 5, *P < 0.05). (B1) Effect of TRAP
(100 µM) on the KATP channel in the ventricular myocytes. (B2) Effect of pinacidil (50 µM) on the KATP channel in the ventricular my-
ocytes. (B3) Bar graph showing the normalized NPo with control. TRAP (100 µM) significantly increased channel activity to 266.7 ±
26.6% (n = 7, *P < 0.01), and pinacidil (50 µM) significantly increased channel activity to 239.1 ± 30.4% (n = 6, **P < 0.01). (C) Bar
graph showing the normalized NPo with the control. In the presence of 100 µM TRAP, HMR1098 (100 µM) significantly decreased
channel activity to 64.6 ± 10.0% (n = 6, **P < 0.01), and 5HD (10 µM) nonsignificantly decreased channel activity to 75.8 ± 17.1% 
(n = 5, P > 0.05). 
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vessels usually do not open in a nor-
mal situation, but open only when the
main artery is narrowed or blocked,
and this process is very slow. We can
see such phenomena very commonly
in our clinical activities. Slowly devel-
oping, high-grade coronary artery
stenoses may progress to complete oc-

clusion without precipitating an AMI
because of the development of a rich
collateral network over time. However,
if plaque fissuring and rupturing occur
during the natural evolution of lipid-
laden atherosclerotic plaques, this can
result in thrombus formation and lead
to AMI (19).

We observed no relationship between
ST-segment elevation and the infarct
index in our study. Previously, infarct
size was reported to have a low correla-
tion with ST-segment elevation (20). We
used the ratio of ST-segment elevation to
positive QRS amplitude rather than ab-
solute ST-segment elevation in our study

Figure 7. (A) Experimental protocol. In the control and TRAP groups, all hearts were perfused with Krebs-Henseleit solution for 25 min just
before TRAP was added in perfusion. After 15 min, TRAP (200 nmol/L) or TFA was washed out with Krebs-Henseleit solution. In the TRAP +
5HD group and TRAP + HMR1098 group, the hearts were perfused with Krebs-Henseleit solution for 10 min before 5HD or HMR1098, re-
spectively, were perfused. Then, 15 min later, TRAP was perfused for another 15 min before being washed out. (B) Representative tracings
measuring the electrophysiological effect of TRAP on the left ventricular walls. Each panel shows (from top to bottom) simultaneous
recordings of the ECG recorded across the left ventricular, EpiMAP and EndoMAP. (B1) The effect of TRAP (200 nmol/L). (B2) The effect of
TFA. (C) Representative electrophysiological tracings showing the effect of TRAP (200 nmol/L) and HMR1098 on the left ventricular walls.
(D) Representative tracings showing the electrophysiological effect of TRAP + 5HD. 
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because absolute ST-segment elevation is
dramatically variable in animals with
different weights.

Our study showed that thrombin re-
ceptor activation plays a very important
role in ST-segment elevation in our AMI
model. TRAP perfusion was shown to
induce ST-segment elevation in unin-
farcted hearts (7), but this effect was at-
tributed to TRAP-induced coronary ar-
tery constriction and heart dysfunction
(21). To exclude the disturbances caused
by ATP depletion and TRAP-induced
vessel constriction, we locally injected
TRAP in left ventricles without AMI,
and we observed that TRAP directly af-
fected ST-segment elevation by sarcKATP
channels, although the duration of
TRAP-induced ST-segment elevation is
much shorter than that of AMI-induced
ST-segment elevation and the concen-
tration of TRAP is also much higher
than the upper limitation of physiologi-
cal thrombin concentration. We also ap-
plied pinacidil, a KATP channel opener
that relaxes coronary arteries (22), and
observed that the effect of TRAP was
nearly replicated by pinacidil. There-
fore, TRAP-induced ST-segment eleva-
tion was not related to coronary artery
constriction. Furthermore, our single-

channel recordings indicated that TRAP
increased KATP channel activity, and this
effect could be blocked by HMR1098
but not by the mitochondrial KATP chan-
nel blocker 5HD (10 µM), as reported in
other cell types (23). 5HD is usually
considered a mitochondrial KATP chan-
nel blocker. Notsu et al. reported that
5HD at concentrations >1 µM had an ef-
fect similar to that of glibenclamide
(24). Therefore, sarcKATP channels play
an important role in TRAP-induced ST-
 segment elevation. The mechanism of
increased KATP channel activity by
TRAP is unclear. TRAP not only stimu-
lates accumulation of IP2 and IP3 in car-
diac myocytes but also modulates car-
diac contractile function by the protein
kinase C (PKC) pathway (24). Increased
PKC in cardiac cells enhances KATP
 activity (25).

Our work clearly demonstrates that
TRAP induced MAP duration change by
activating sarcKATP channels, which re-
sulted in ST-segment elevation. MAP re-
corded in cardiac ventricular walls in
our experiment is different from trans-
membrane action potential recorded in
single cells. MAP is measured from a
group of cells with extracellular elec-
trodes that have a diameter of 1 to 2

mm (26). Therefore, a number of dissim-
ilarities exist between the MAP and
transmembrane action potential from
single cells. For instance, MAP has less
diastolic and action potential amplitude
than transmembrane action potential
from single cells. The maximum up-
stroke velocity of MAP is much smaller
than that measured in a single cell (26).
A notch, the remnant of the “intrinsic
deflection,” may appear in the MAP
plateau phase, mimicking “phase I repo-
larization.” This should not represent
predominant KIto (a transient outward
current) channel activity of epicardial
myocardium (27). TRAP induced differ-
ent electrophysiological responses, in-
cluding a shortened MAP duration and
EpiMAP duration but not EndoMAP
duration, by activating sarcKATP chan-
nels and causing ST-segment elevation.
This indicates that the KATP channels in
the endocardial and epicardial cells are
different, as suggested by previous
studies (28–30). Studies have reported
that ST-segment elevation was always
accompanied by the shortening of ac-
tion potential after AMI (31,32). There is
a general consensus, though not univer-
sal, that IKATP is the major current re-
sponsible for MAP duration shortening

Table 1. EpiMAP90 and EndoMAP90 duration. 

A. After TRAP and vehicle (TFA) perfusion to the left ventricular walls

Before perfusion 10 min after perfusion 10 min after wash

EpiMAP90 EndoMAP90 EpiMAP90 EndoMAP90 EpiMAP90 EndoMAP90

TRAP 153 ± 4 154 ± 2 135 ± 3a# 156 ± 4 154 ± 2 159 ± 5
TFA 151 ± 2 152 ± 3 159 ± 2 156 ± 5 154 ± 4 153 ± 5

B. Before and after perfusion with HMR1098 + TRAP or 5-HD + TRAP

5- HD HMR1098

MAP90 EpiMAP90 EndoMAP90 EpiMAP90 EndoMAP90

Perfusion of K-H solution 149 ± 2 152 ± 3 150 ± 2 151 ± 3
10 min after HMR1098/5HD + K-H solution perfusion 162 ± 3 164 ± 5 171 ± 4 173 ± 4
10 min after TRAP + HMR1098/5HD perfusion 152 ± 3a,c 168 ± 3 165 ± 5 170 ± 3
5 min after washed by HMR1098/5HD
+ K-H solution perfusion 162 ± 4 165 ± 5 168 ± 2 171 ± 3
10 min after washed by K-H solution 151 ± 5 150 ± 1 156 ± 3 156 ± 4

Each value represents the mean ± SEM of five animals. P < 0.05 aEpiMAP90 versus EndoMAP90, 
bEpiMAP90 in TRAP group versus EpiMAP90 in

TFA group, cEpiMAP90 in 5HD + TRAP group versus EpiMAP90 in HMR1098 + TRAP group.
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during acute ischemia (33). In the ECG,
a ST-segment elevation is related to
shortened EpiMAP duration but not
 EndoMAP duration (34).

Thrombin can be produced only dur-
ing thrombus formation during AMI.
Therefore, thrombin-induced ST-segment
elevation during AMI indicates fresh
thrombus forming in the coronary ar-
teries. In addition, thrombin is released
during revascularization treatments,
and antithrombin therapy with bi-
valirudin has begun to be used as an
important adjuvant therapy during
revascularization treatments (35). De-
crease in ST-segment elevation follow-
ing coronary artery recanalization is a
major clinical criterion used to judge
the effect of revascularization treat-
ments. Therefore, our work indicates
that decreases in ST-segment elevation
following revascularization treatments
with strong antithrombin therapies
should be carefully evaluated for their
effectiveness.

In conclusion, our study demonstrates
that thrombin and its receptor activation
significantly enhances ST-segment eleva-
tion during AMI. The activation of the
thrombin receptor opens sarcKATP chan-
nels, which shortens the MAP duration
and EpiMAP duration.
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