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Abstract: There is discrepancy regarding the duration of reperfusion required using 2,3,5-triphenyl-2H-tetrazolium
chloride (TTC) staining to assess myocardial infarction in an isolated, perfused heart model. Several investigators
prefer long-term reperfusion (120 minutes) to determine myocardial injury, while others have used a shorter dura-
tion (30-40 minutes). We investigated whether oxygen surrounding the myocardium during ischemia plays a critical
role in the installation of myocardial infarction during reperfusion. Mice hearts were perfused with a Langendorff
apparatus using Krebs-Henseleit (KH) buffer oxygenated with 95% O, plus 5% CO, at 37 °C. Hearts were either im-
mersed in KH or suspended in air during 18 minutes of global ischemia in a normothermic, water-jacketed chamber.
Hearts then were reperfused for 40, 60, or 90 minutes. We found that hearts immersed in KH had decreased recov-
ery of function and increased myocardial infarct size, reaching a steady-state level after 40 minutes of reperfusion.
In contrast, hearts suspended in air approached steady-state after 90 minutes of reperfusion. Thus, mitochondrial
reactive oxygen species (ROS) production was much lower in air-maintained hearts than in KH-immersed hearts. To
investigate whether an increase in oxygen surrounding the myocardium during ischemia might cause further dam-
age, we bubbled the KH solution with nitrogen (KH+N,) rather than oxygen (KH+0,). With this alteration, recovery
of cardiac function was improved and myocardial infarct size and mitochondrial ROS production were reduced
compared with hearts immersed in KH+0,. In conclusion, short-term (40 minutes) reperfusion is sufficient to reach
steady-state myocardial infarct size when hearts are immersed in physiologic solution during ischemia; however, a
longer duration of reperfusion (90 minutes) is required if hearts are suspended in air. Thus, oxygen surrounding the
heart during ischemia determines the extent of myocardium injury during reperfusion.
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Introduction extensively used as an experimental model,
despite the disadvantages of the lack of the
normal humoral background and extrinsic neu-
ronal regulation or the multiple conditions
needed for a better isolated heart preparation.
Sutherland stated that, although the isolated

mouse heart has been used for many years in

A model using isolated perfused heart subject-
ed to ischemia and reperfusion is an adequate
alternative to the experimental model utilizing
in vivo left anterior descending artery occlu-
sion, with the isolated perfused heart allowing

rigorous control of parameters that is not read-
ily achievable by an in vivo model. The initial
perfusion systems for the isolated mammalian
heart were developed more than a century
ago by H. Newell Martin and Oscar Langendorff.
In the working mode, the isolated perfused
heart was established in the 1960s.
Consequently, during the past three decades,
the isolated perfused heart system has been

the Langendorff perfusion mode [1, 2] and
working heart mode [3, 4], many characteristics
remain undefined [5, 6]. For example, there is
no agreement on the reperfusion duration nec-
essary to assess myocardial infarction with use
of the 2,3,5-triphenyl-2H-tetrazolium chloride
(TTC) staining method. Using isolated perfused
rat or mouse heart, several groups have per-
formed long-term reperfusion (120 minutes) to
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Figure 1. lllustration of the experimental dispositive (Langendorff) used to
perfuse and conserve the heart during ischemia reperfusion. Note that the
heart is maintained in the water-jacketed chamber during perfusion as well
as reperfusion and the ischemic conservation period, and the temperature
of perfusion is maintained constant at 36.5°C by a heater circulating pump.
A. The heart is kept immersed in a physiological solution bublled either with
oxygen or with nitrogen; B. The heart is kept suspended in air the normother-

mic chamber.

determine myocardial infarct size by the TTC
staining method [7-9]. However, with applica-
tion of the same method, other authors have
preferred short-term reperfusion (30-40 min-
utes) to assess myocardial infarct size [10-13].
Moreover, with the same duration of ischemia,
some investigators have used long-term reper-
fusion, while others have preferred short-term
reperfusion [14, 15]. In fact, Ruan and co-work-
ers have subjected hearts to 30 minutes of
global ischemia followed by 120 minutes of
reperfusion to reveal a reduction in myocardial
infarct size, determined by TTC staining, in
PTEN (CKO) mice hearts compared to wild-type
mice hearts [14]. In contrast, Zhao and co-
workers have subjected isolated hearts to 30
minutes of ischemia followed by only 30 min-
utes of reperfusion to assess myocardial infarct
size with TTC staining [15]. Specific reasons for
the choice of reperfusion duration are not well
established in studies. However, some investi-
gators have concerns about assessing myocar-
dial infarction by the TTC staining method after
short-term reperfusion (30-60 minutes). Many
studies have been rejected for publication
because of the use of short-term reperfusion to
assess myocardial infarction.
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In this study, we investigated
the optimal duration of reper-
fusion required to assess myo-
cardial infarction by the TTC
staining method as well as the
role of oxygen surrounding the
myocardium during ischemic
conservation while installation
of the myocardial injury is per-
formed. To this end, hearts
were reperfused for different
times following the same dura-
tion of global normothermic
ischemia. Hearts were either
suspended in air or immersed
in @ normothermic physiologic
solution (Krebs Henseleit [KH]
buffer) during ischemia. To
define the specific role of oxy-
gen surrounding the myocar-
dium during injury installation,
during the reperfusion, KH
was bubbled with nitrogen
(KH+N,) instead of oxygen
(KH+0,) during ischemia. We
found that when hearts were
immersed in KH during isch-
emia, recovery of function was much lower and
myocardial infarct size was greater, reaching a
steady-state level before 40 minutes of reper-
fusion. In contrast, hearts suspended in air had
conserved basal function and a smaller myo-
cardial infarct size approaching steady-state
after 90 minutes of reperfusion. Consistent
with the decreased myocardial injury, mito-
chondrial reactive oxygen species (ROS) pro-
duction by stimulating complex | was much
lower in air-maintained than in KH-immersed
hearts. We also found that when hearts were
immersed in KH+N,, recovery of cardiac func-
tion was improved and myocardial infarct size
as well as ROS production were reduced as
compared to hearts immersed in KH+O,. These
results suggest an important role of oxygen sur-
rounding the myocardium during ischemia in
the installation of myocardium injury during
reperfusion.

Materials and methods
Animals

Adult male wild-type (C57BL/6NCrl) mice, 8-12
weeks old, were used. Protocols were approved
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Figure 2. Heart function recovery was better conserved in hearts suspended in air compared to hearts immersed in
KH+0,, during normothermic ischemic period. A. Recordings of ventricular-developed pressure (LVDP) and velocity
of contraction and relaxation (dP/dt) in hearts immersed in KH+0, during ischemic conservation and reperfused
for 40 minutes (Rep-40), for 60 minutes (Rep-60), and for 90 minutes (Rep-90). B. Examples of heart function
recordings showing the left ventricular-developed pressure (LVDP) and the maximum velocity of contraction and
relaxation (dP/dt) of hearts suspended in air during the ischemic conservation period and reperfused for 40 min-
utes (Rep-40), 60 minutes (Rep-60), and 90 minutes (Rep-90). Note that in all groups, values before ischemia were
similar, whereas after the ischemic period heart function recovery was greatly conserved in hearts suspended in air
compared to the groups immersed in KH during ischemia.

by the University of Texas Health Science Experimental protocol design
Center at San Antonio Institutional Animal Care
and Use Committee. The investigation con- Figure 1 illustrates the dispositive used to per-
formed to the Guide for the Care and Use of fuse and conserve the heart during the isch-
Laboratory Animals, published by the US emia/reperfusion cycle. Isolated mice hearts
National Institute of Health (NIH Publication No. were assigned to one of the experimental
85-23, revised 1996). groups presented in Figure 3A. All of the hearts
underwent 18 min of global ischemia after 20
Langendorff preparation minutes of basal perfusion, followed by differ-
ent times of reperfusion (Rep) (40 minutes for
The technique of isolated perfused mouse Rep-40, 60 minutes for Rep-60, or 90 minutes
heart preparation has been recently described for Rep-90). Global normothermic ischemia
[16]. Mice were anesthetized by intraperitoneal was induced by clamping the aorta. During
injection of pentobarbital (60 mg/kg), and hep- ischemic conservation hearts were either sus-
arin (200 1U/kg) was injected to prevent blood pended in an air-jacketed chamber at 36.5°C
coagulation. Once the animal was completely or immersed in KH+O, or KH+0, in the water-
anesthetized, a transabdominal incision was jacketed chamber at the same temperature as
performed and the diaphragm was cut to shown in Figure 1.

expose the thoracic cavity. The heart was then
removed and immediately immersed and func-
tion was arrested in cold (4°C) KH buffer solu-

Heart function measurements during ischemia
and reperfusion

tion (mM): glucose 11.1, NaCl 118, KCI 4.7, Left ventricular systolic pressure (LVSP), left
MgSO, 1.2, KH,PO, 1.2, NaHCO, 25.0, and ventricular end-diastolic pressure (LVEDP), and
CaCl2 2 at pH 7.4. The aorta was rapidly can- heart rate (HR) were recorded with a pressure
nulated and the heart was retrograde perfused transducer (Millar catheter) directly inserted
at a constant rate (3 ml/l) in the Langendorff into the left ventricle (LV). The LV-developed
mode using KH solution. The buffer was bub- pressure (LVDP = LVSP - LVEDP), rate pressure
bled with 95% O, plus 5% CO, at 37°C. product (RPP = LVDP x HR), maximum rate of
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Figure 3. Graphs showing improved heart function in hearts suspended in air compared to hearts immersed
in KH+0, during normothermic ischemia. (A) The experimental procedure used to perfuse hearts in different groups.
(B) The mean values of the rate pressure product (RPP) of hearts in different groups subjected to 18 minutes
of global normothermic ischemia conserved either by immersion in KH or suspended in air and reperfused for 40
minutes (Rep-40) (black) or 60 minutes (Rep-60) (blue), of dP/dt max (C) and -dP/dt min (D). There were no sig-
nificant differences throughout reperfusion between any group of hearts immersed in KH during ischemia. Similar
results were obtained with hearts suspended in air during ischemia. However, recovery of cardiac function was
much greater in hearts suspended in air than in hearts immersed in KH during the ischemic period. Values are
expressed as mean + SEM; *P<0.05 hearts immersed in KH+0, versus hearts maintained in air during ischemia
(n=5-10/group).

rise of the LV contraction velocity (dP/dt max),
and maximum isovolumetric rate of relaxation
(-dP/dt min) were directly calculated using
Chart software (LabChart 5.5).

Myocardial infarct size

Myocardial infarction was assessed at the end
of the reperfusion by measurement of myocar-
dial infarct size using 2,3,5-triphenyltetrazoli-
um chloride (TTC) staining. At the end of reper-
fusion, each heart was cut into four transverse
slices, parallel to the atrioventricular groove.
After removal of right ventricular tissue, heart
slices were weighed and incubated for 10 min-
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utes in 1% TTC in Tris-HCI (pH 7.4) at 37°C fol-
lowed by fixation with 4% paraformaldehyde.
This procedure differentiates the infarcted
(white) from viable (red) myocardial tissue. The
slices were photographed using digital micro-
scopic imaging. Extent of the area of necrosis
was quantified by computerized planimetry
with Adobe Photoshop. The total area of necro-
sis was calculated and expressed as the per-
centage of total LV area.

Preparation of isolated mitochondria

Mitochondria were isolated after only 10 min-
utes of reperfusion because at that time no

Am J Cardiovasc Dis 2015;5(2):127-139
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Figure 4. Myocardial infarct size was much smaller in hearts suspended in air compared to hearts immersed in
KH+0,, during the normothermic ischemic period at the end of the reperfusion. Images of four slices of different
regions (four transverse slices parallel to the atrioventricular groove) from the same heart in Rep-40 (A), Rep-60
(B), and Rep-90 (C) groups of hearts immersed in KH compared with hearts suspended in air during the ischemic
period and reperfused for the same duration. Hearts were stained with TTC, showing infarcted regions in white and
viable healthy regions in red. (D) Bar graph showing the individual percentage of myocardial infarct size in Rep-40,
Rep-60, and Rep-90 in both conditions of ischemic conservation. Infarct size did not change significantly after the
different times of reperfusion between the three groups immersed in KH as well as the groups suspended in air dur-
ing the ischemic insult. However, the myocardial infarct size was much smaller in the groups of hearts suspended
in air when compared to hearts immersed in KH during the ischemic period. Values mean + SEM.; *P<0.05 hearts
immersed in KH+0, versus hearts maintained in air during ischemia (n = 4-5/group).

infarction was present in the myocardium. All of Protein was adjusted to a final concentration of
the procedures were carried out at 4°C as pre- 25 mg/ml.

viously described [17]. Myocardial sections
(approximately 0.15-0.22 g) were placed in iso-
lation buffer A (mM): 70 sucrose, 210 mannitol,
1 EDTA, and 50 Tris-HCI, pH 7.4. The tissue was
finely minced with scissors and homogenized in
the same buffer A (0.1 g of tissue/ml of buffer)

Mitochondrial H,0, measurement

Mitochondrial ROS generation was measured
spectrophotometrically (560-nm excitation and
590-nm emission) in 125 pg/ml of mitochon-
drial protein incubated in a solution containing:

using Kontes and Potter-Elvehjem tissue grind- 20 mM Tris, 250 mM sucrose, 1 mM EGTA, 1
ers. The homogenate was centrifuged at 1,300 mM EDTA, and 0.15% bovine serum albumin
xg for 3 minutes, and the supernatant was adjusted to pH 7.4 at 25°C with continuous stir-
filtered through cheesecloth and centrifuged ring. ROS was measured with the H,0_-sensitive
at 10,000 xg for 10 minutes. The resultant dye amplex red (10 uM) according to the manu-
supernatant was discarded, and the pellet was facturer’s instructions (Nitrogen). H,0, levels
gently washed 3 times with 500 pl of buffer B were measured from a calibration curve
(in mM): 150 sucrose, 50 KCI, 2 KH,PO,, 5 suc- obtained from the fluorescence emission inten-
cinic acid, and 20 Tris/HCI, pH 7.4. The pellet sity as a function of H,0, concentration. The
was then resuspended in 50 pl of the same sodium salt of glutamate/malate (3 mM) was
buffer B. Mitochondrial protein concentration used to activate complex | of the mitochondrial
was assayed using the Bradford method. electron transfer chain.
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Statistical analysis

Error bars indicate the standard errors of the
mean (+ SEM) for a minimum of three indepen-
dent hearts (n > 3). For cardiac infarct size and
mitochondrial calcium retention capacity (CRC),
means were compared between groups using
one-way analysis of variance (ANOVA). For the
ex vivo functional studies, mean profiles over
time were compared across groups using
repeated-measure ANOVA methods. Under the
ANOVA model, the significance of pairwise
mean comparisons was determined using the
Tukey studentized range criterion. SPSS, ver-
sion 13.0 (SPSS Inc, Chicago, IL), was used to
carry out the computations. Because all out-
comes were continuous, results were summa-
rized with means + SEMs. P < 0.05 was consid-
ered statistically significant.

Results
Heart function recovery

To investigate the role of ischemic conservation
in the myocardial injury installation during
reperfusion, cardiac function was recorded in
all groups throughout the experiment, as shown
in the protocol (Figure 3A). Figure 2 presents
examples of recording of mice hearts subjected
to ischemia/reperfusion in an ex vivo model
using the Langendorff system. Figure 2 pres-
ents typical recordings of hearts reperfused for
different durations (40, 60, and 90 minutes)
following 18 minutes of global normothermic
ischemia. Hearts were either maintained in
KH+0, (Figure 2A) or suspended in air in the
air-jacketed chamber. We selected an ischemic
period of 18 minutes that, in the ex vivo mouse
model, typically shows ~50% of the infarct size
in control conditions (Figure 4D). There was no
significant difference in cardiac function
between all groups before ischemia, as the
RPP, dP/dt max, and dP/dt min were similar
(Figure 3B-D). All other functional parameters
are presented in Table 1. The post-ischemic LV
function recovery was significantly decreased
from baseline in all groups of hearts immersed
in KH+O, when compared with respective
hearts suspended in air during ischemia with
RPP: 5401+320 vs. 17465+1669 mmHg/min;
dP/dt max: 940+115 vs. 3744+183 mmHg/s,
and dP/dt min: -701+69 vs. -2688+229
mmHg/s in Rep-40; RPP: 5464+645 vs.
16557+1405 mmHg/min, dP/dt max: 9761145
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vs. 31724342 mmHg/s, and dP/dt min:
-730+56 vs. -2047+225 mmHg/s in Rep-60;
and RPP: 51954917 vs. 135584992 mmHg/
min, dP/dt max: 805+149 vs. 2657+240
mmHg/s, and dP/dt min: -639482 vs. -1920+
243 mmHg/s in Rep-90 (p < 0.05). Mean val-
ues were obtained at the end of reperfusion in
all groups. These data indicate that the recov-
ery of heart function is better preserved when
hearts are suspended in air during the ischemic
period. However, we found that recovery of car-
diac function was nearly identical in all groups
of hearts immersed in KH+0, during ischemic
conservation (RPP: 5401+320 mmHg/min for
Rep-40, (RPP: 5464+645 mmHg/min for Rep-
60, and RPP: 5195+917 mmHg/min for Rep-
90) (Figure 3A-C, see also other functional
parameters presented in Table 1). Similarly,
hearts suspended in air developed the same
cardiac function recovery parameters (RPP:
17465+1669 mmHg/min for Rep-40; RPP:
16557+1405 mmHg/min for Rep-60; and RPP:
145584+992 mmHg/min for Rep-90). These
results suggest that the increased duration of
reperfusion from 40 to 90 minutes does not
affect the recovery of heart function in either
condition. In summary, recovery of heart func-
tion is much lower (steady-state at less than 40
minutes of reperfusion) when hearts are
immersed in the KH buffer compared with the
recovery in hearts suspended in air during isch-
emia (steady-state after 90 minutes of
reperfusion).

Myocardial infarct size

There was no myocardial infarct in non-isch-
emic groups after 20 minutes of initial perfu-
sion between all four groups. Figure 4A-C
shows typical heart cross sections at the end of
different reperfusion durations after TTC stain-
ing. The red area represents the viable region,
and the white area is the infarct size. The myo-
cardial infarct size in groups of hearts immersed
in KH+0, (Rep-40, Rep-60, and Rep-90) was
similar but significantly increased compared
with hearts suspended in air during the isch-
emic period (47+5% vs. 12+1%, 50+5% vs.
17+2%, and 514+5% vs. 17+2%, respectively; p
< 0.001) (Figure 4D). These data suggest that
when hearts are immersed in KH+O, during
ischemia, the maximum injury occurs before 40
minutes of reperfusion. However, a much lon-
ger time of reperfusion is required when hearts
are maintained in air during ischemia.

Am J Cardiovasc Dis 2015;5(2):127-139
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Table 1. All heart functional recovery parameters

Time (min) Ischemic conservation Groups LVSP (mmHg) LVEDP (mmHg) LVDP (mmHg) HR (beatsmin-1)
KH+O, Rep-40 99+4 3+1 96+4 16715
Air Rep-40 1157 1+1 11546 162+10
Basal KH+O, Rep-60 9745 2+1 9515 172421
KH+N, Rep-60 111410 212 109+9 162+9
Perfusion Air Rep-60 112+7 2+1 111+7 158+7
KH+O, Rep-90 101+5 4+1 9716 165+43
Air Rep-90 10945 1+0.7 10816 16919
Reperfusion
KH+0, Rep-40 41+107 16410 25+2" 168+17
Air Rep-40 11245 1+1 112+4 155+6
KH+0, Rep-60 374 813 2912 1655
20 min Air Rep-60 115415 1+1 115+15 150+5
KH+N, Rep-60 53+5* 312 50+5* 160+12
KH+O, Rep-90 44+16" 20415 24+3" 153+21
Air Rep-90 11146 1+1 111+5 161+8
KH+0, Rep-40 43+6" 1347 30+3" 165+5
Air Rep-40 116413 1+1 115+24 156+19
KH+0, Rep-60 433" 72 36+2" 16815
40 min Air Rep-60 114413 1+1 113+13 158+10
KH+N, Rep-60 68+8* 312 657" 17445
KH+0, Rep-90 43+10" 12+10 31437 16718
Air Rep-90 10817 1+0.64 108+7 160+8
KH+O, Rep-60 45+6" 1145 33+4 16516
Air Rep-60 94+11 1+0.4 94+11 180+9
60 min KH+N, Rep-60 74+8* 2+2 7247 162+16
KH+0, Rep-90 52+11" 19+11 337" 170+9
Air Rep-90 9419 1+0.34 9419 17619
90 min KH+0, Rep-90 53+16" 23+15 305" 162+3
Air Rep-90 7918 1+0.33 17818 161+8

All heart function recovery parameters were better preserved when hearts were suspended in air or immersed in nitrogen-KH
solution (KH+N,) compared to hearts immersed in oxygenated-KH solution (KH+0,) during the normothermic ischemic period.
Time course of cardiac function recovery parameters, including left ventricular systolic pressure (LVSP); left ventricular end-
diastolic pressure (LVEDP); left ventricular developed pressure (LVDP) and heart rate (HR) of the three groups: 1) hearts im-
mersed in KH+0,, 2) hearts immersed in KH+N,, and 3) in hearts suspended in air. Note that hearts immersed in KH+0, and
hearts suspended in air where subjected to three different reperfusion durations (Rep-40, Rep-60, and Rep-90), while hearts
immersed in KH+N, received only 60 minutes of reperfusion. Values are mean + SEM.; *P<0.05 hearts immersed in KH+0,
versus hearts maintained in air; *P<0.05 hearts immersed in KH+0, versus hearts immersed in KH+N,, (n = 4-10/group).

Reduction of oxygen during ischemia induces
cardioprotection

We found that recovery of function was better
preserved (Figures 2 and 3) and myocardial
infarct size was less (Figure 4) in hearts sus-
pended in air in the normothermic water-jacket-
ed chamber during ischemia compared with
hearts immersed in KH+0,. These data sug-
gest that an increase in oxygen surrounding
hearts immersed in KH+0, during ischemia
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(100% compared to 21% in air) might be
responsible for the greater injury observed. To
test this hypothesis, we reduced the level of
oxygen surrounding the hearts during ischemic
conservation by using KH+N,.. We found that, in
this condition, the recovery of heart function
was significantly improved in the KH+N, group
compared with the KH+O, group (RPP:
112214701 vs. 54644645 mmHg/min, dP/dt
max: 2808+173 vs. 976+145 mmHg/s, dP/dt
min: -1915+207 vs. -730+56 mmHg/s; p <

Am J Cardiovasc Dis 2015;5(2):127-139
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Figure 5. Hearts immersed in KH+N, had improved recovery of function and reduced myocardial infarct size when
compared to hearts immersed in (KH+0, during the normothermic ischemic period. Recordings of ventricular-devel-
oped pressure (LVDP) and velocity of contraction and relaxation (dP/dt) in hearts suspended in air (A), immersed
in KH+N,, (B), and immersed in KH+0, (C) during the ischemic period and reperfused for 60 minutes. Note that the
recovery of cardiac function was much greater in the groups of hearts immersed in KH+N, than in hearts immersed
in KH+0, during the ischemic period. (D), Images of 4 slices of different regions from the same heart suspended in
air, immersed in KH+N,, or immersed in KH+0, during the ischemic period; hearts were obtained at the end of 60
minutes of reperfusion. (E) Bar graph showing the individual percentage of myocardial infarct size in the three condi-
tions of ischemic conservation. The myocardial infarct size was much smaller in the groups of hearts suspended in
airthan in hearts immersed in KH+0, during the ischemic period. The myocardial infarct size significantly decreased
when hearts were immersed in KH+N, when compared to hearts immersed in KH+0,. Values are expressed as
mean = SEM.; *P<0.05 hearts immersed in KH+0, versus hearts maintained in air during ischemia; *P<0.05 hearts

immersed in KH+0, versus hearts immersed in KH+N, during ischemia (n = 4-5/group).

0.05), (Figure 5A-C). Table 1 shows that all car-
diac function parameters recorded were
improved in hearts immersed in KH+N, as com-
pared to hearts immersed in KH+O, (Figure
6A-C and Table 1). Furthermore, myocardial
infarct size was reduced in hearts immersed in
KH+N, as compared to those immersed in
KH+O, (17£7% vs. 51+5%, respectively).
Interestingly, myocardial infarct size in hearts
immersed in KH+N, was similar to the size in
hearts maintained in air during ischemia
(A7+2%; p < 0.05; n = 4-5/group) (Figure 5D,
5E). These results suggest that the reduction in
oxygen concentration surrounding the heart
during ischemic conservation induces the
decrease in myocardial injury and the improve-
ment of the recovery of heart function. This
finding also indicates that oxygen surrounding
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the heart during ischemia is one of the key fac-
tors that controls the installation of myocardial
injury during reperfusion.

Mitochondrial ROS production

With use of cell labeling methods, it has been
demonstrated that an increase in mitochondri-
al ROS production is relevant in many patho-
logical situations, such as myocardial infarc-
tion, diabetes mellitus, and cancer, and
participates in necrosis and apoptosis associ-
ated with ischemia/reperfusion injury [18, 19].
Because we found that oxygen surrounding
the heart during ischemia played an important
role in the installation of myocardial injury dur-
ing reperfusion, we investigated whether the
increase in myocardial injury observed in hearts
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Figure 6. Graphs showing improved recovery of function in hearts immersed in KH+N, compared to hearts im-
mersed in KH+0, during the normothermic ischemic period. Graph representing the mean values of the rate pres-
sure product (RPP) (A), of dP/dt max (B) and -dP/dt min (C) in hearts suspended in air, immersed in KH+N,, or
immersed in KH+0, during the ischemic period, and followed by 60 minutes of reperfusion. Note that the cardiac
function recovery parameters were much greater in the groups of hearts suspended in air than in hearts immersed
in KH+0, during the ischemic period. Recovery of heart function was significantly improved when hearts were im-
mersed in KH+N, compared to hearts immersed in KH+0,,. Values are expressed as mean + SEM; *P<0.05 hearts
immersed in KH+0,, versus hearts maintained in air during ischemia; *P<0.05 hearts immersed in KH+0, versus
hearts immersed in KH+N,, during ischemia (n = 5-10/group).

immersed in KH+O, might be associated
with the increase in mitochondrial ROS produc-
tion during reperfusion. We found that mito-
chondrial ROS produced by stimulating com-
plex | of the electron transfer chain with
glutamate/malate was much higher in the mito-
chondria of hearts immersed in KH+0, com-
pared to those immersed in KH+N,, as well as
the mitochondria of hearts suspended in air
(Figure 7A). In fact, the ROS production level
in mitochondria isolated from the hearts
immersed in KH+0, was 272+13 pmol./min/
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mg of mitochondrial protein. This level of ROS
production was much higher than that of mito-
chondrial protein produced by mitochondria
isolated from hearts immersed in KH+N,
(18715 pmol./min/mg), and of mitochondrial
protein in mitochondria isolated from hearts
maintained in air (192+18 pmol./min/mg), p <
0.05 (Figure 7A, 7B). This result suggests
that the increase in mitochondrial ROS produc-
tion may be responsible for the increase in
myocardial injury during reperfusion in hearts
immersed KH+O,,.
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Figure 7. Mitochondrial ROS production was much
lower in hearts suspended in air and immersed in
KH+N, than in hearts immersed in KH+0, during the
ischemic period. Graph representing the mean val-
ues of the rate of ROS production in mitochondria
isolated from hearts suspended in air, immersed in
KH+N,, or immersed in KH+0, during the ischemic
period (A), and the bar graph corresponding to H,0,
production in all groups (B). Note that mitochondrial
ROS production was much lower in groups of hearts
suspended in air than in hearts immersed in KH+O,
during the ischemic period. In addition, mitochon-
drial ROS production was significantly reduced when
hearts were immersed in KH+N, compared to hearts
immersed in KH+0,. Values are expressed as mean
+ SEM; *P<0.05 hearts immersed in KH+O, versus
hearts maintained in air during ischemia; *P<0.05
hearts immersed in KH+0, versus hearts immersed
in KH+N, during ischemia (n = 9/group).

Discussion

In this study, we found that hearts immersed in
a physiologic solution that is bubbled with oxy-
gen during ischemic conservation developed
much lower recovery of cardiac function and
larger myocardial infarct size as compared to
hearts immersed in the same solution but bub-
bled with nitrogen or those suspended in air.
We also found that hearts suspended in air
required a greater duration of reperfusion com-
pared to hearts immersed in a physiologic solu-
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tion. Heart function recovery and myocardial
infarct size can be assessed by TTC staining
with a shorter time of reperfusion in immersed
hearts. Our finding suggests that oxygen sur-
rounding the heart during ischemia has an
important role in the installation of myocardial
injury during reperfusion.

The duration of reperfusion needed to deter-
mine the degree the myocardial infarct by TTC
staining after a normothermic ischemia insult
is subject to discrepancy. For the same isolated
perfused mouse heart model, some investiga-
tors have chosen to use two durations (120 or
180 minutes) of reperfusion, while others have
preferred to reperfuse for only 30 or 40 min-
utes [7, 10, 11, 14, 15]. Sicard and co-workers,
using TTC staining in the isolated perfused
mouse heart, reperfused hearts for 120 min-
utes after 30 minutes of global normothermic
ischemia. With that method, SB203580 elimi-
nated the reduction in myocardial infarct size
caused by preconditioning [7]. Using the same
experimental protocol with TTC staining, Ruan
and co-workers revealed a significant reduction
in myocardial infarct size in PTEN (CKO) mice
hearts when compared with controls [14].
However, Zhao and co-workers have subjected
isolated mice hearts to only 30 minutes of
reperfusion after 30 minutes of ischemia (the
same duration used by Ruan and colleagues) to
assess myocardial infarct size after TTC stain-
ing [15]. Furthermore, Jin and co-workers used
a protocol consisting of 20 minutes of global
ischemia followed by only 30 minutes of reper-
fusion to observe the reduction of myocardial
infarct size induced by ischemic precondition-
ing eliminated by N,N-dimethyl sphingosine
(DMS) [10].

In this study, we determined myocardial infarct
size and recovery of heart function with differ-
ent durations of reperfusion. Using the isolated
perfused mice heart model, we compared the
myocardial infarct size at the end of 40, 60,
and 90 minutes of reperfusion after 18 min-
utes of global normothermic ischemia of hearts
immersed in KH+0, solution. In these condi-
tions, we found that myocardial infarct size and
the heart function recorded were stable after
40 minutes of reperfusion. This result indicates
that when hearts are immersed in a normother-
mic physiologic solution, the installation of the
maximum level of myocardial infarct size
assessable by TTC staining occurs before 40
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minutes of reperfusion. In fact, Jin and co-work-
ers have measured 45+4% of myocardial
infarct size after 20 minutes of ischemia fol-
lowed by only 30 minutes of reperfusion in iso-
lated mouse heart [10]. These observations
are similar to our finding of 47+5% of myocar-
dial infarct size when hearts were immersed in
a solution during ischemia followed by 40 min-
utes of reperfusion. Short-term reperfusion to
determine myocardial infarction is supported
by other investigators. Wang and co-workers
have subjected mice hearts to 30 minutes of
ischemia followed by 30 minutes of reperfusion
in a Langendorff-perfused heart model to
assess myocardial damage [13]. Several
groups have observed that myocardial infarct
size assessed at the end of 60 minutes of
reperfusion was similar to the size at 120 min-
utes in isolated perfused rat hearts subjected
to 40 minutes of ischemia [20, 21].

The rationale for use of a specific duration of
reperfusion is not mentioned in most articles.
However, the main factor in the determination
of the reperfusion duration in an ischemia/
reperfusion protocol is undoubtedly related to
the manner in which hearts are maintained dur-
ing the ischemia insult. When hearts are sus-
pended in air in the normothermic water-jacket-
ed chamber, as represented in Figure 1, the
temperature inside the myocardium will not
rapidly reach 37°C. Consequently, such myo-
cardium kept in mild hypothermia will require a
much longer time of reperfusion (120 minutes)
for installation of myocardial infarction to be
determined by TTC staining. However, when
hearts are immersed in a normothermic physi-
ologic solution in the water-jacketed chamber,
the temperature inside the myocardium will
rapidly reach normothermia (37°C) during isch-
emic conservation, probably due to a much
higher convection of the heat from liquid to
myocardium. In this case, hearts do not require
a much longer reperfusion period for installa-
tion of myocardial injury. A short reperfusion
period of 30-40 minutes is sufficient to result
in a maximum myocardial infarct size assess-
able by TTC staining.

We found that when hearts were conserved by
immersion in KH+0, during ischemia, the reper-
fusion duration needed to reach the steady-
state level of myocardial infarction is very short,
while a much longer duration is required for
hearts suspended in air in the normothermic
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water-jacketed chamber. The present study
validates the use of short-term reperfusion
(~40 minutes) to assess myocardial infarction
by TTC staining in a perfused isolated heart
model.

Because ROS production is an important factor
involved in cell death after ischemia/reperfu-
sion, we investigated whether oxygen transfer
from the milieu of ischemic conservation to the
myocardium might cause an increase in mito-
chondrial ROS production and play a key role in
myocardial infarction installation during reper-
fusion. To this end, we reduced the O, concen-
tration present in the physiologic solution dur-
ing the ischemic conservation by bubbling the
KH buffer with nitrogen instead of oxygen.
Figure 5 indicates that hearts maintained in
KH+N, during ischemia have improved recovery
of cardiac function and decreased myocardial
infarct size when compared with hearts main-
tained in KH+0, (Figure 5B-E). This result sug-
gests that oxygen surrounding the myocardium
during ischemic conservation plays a key role in
the installation of myocardial injury during
reperfusion. The adverse effect of higher oxy-
gen concentration in the myocardium during
reperfusion can be explained by its facility to
increase oxidative stress, resulting in an
increase in ROS production. In fact, we found
that mitochondrial ROS production measured
in isolated mitochondria from hearts immersed
in KH+0,, during the ischemic insult was much
higher than in mitochondria that were isolated
from hearts immersed in KH+N, and hearts
suspended in air (Figure 6) during ischemia.
The increase in mitochondrial ROS production
in hearts immersed in KH+0, during ischemic
insult might be explained by a higher concen-
tration of oxygen compared within the concen-
tration in air (~21% 0,), as well as, by a much
higher diffusion of oxygen across the endocar-
dium-solution interface than the endocardium-
air interface. The resultant increase in oxygen
concentration inside the myocardium triggers a
cascade of oxidative reactions during reperfu-
sion that causes an increase in cellular oxida-
tive stress responsible for the increase in ROS
production and a decrease in ATP production in
the post-ischemic myocardium. The increase in
ROS production associated with mitochondrial
calcium overload are two known key factors
that promote the opening of the mitochondrial
permeability transition pore leading to cell
death by apoptosis and necrosis. This process
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may explain why hearts immersed in KH+0,
need a short time of reperfusion to reach the
maximum of myocardial infarction installation
that can be determined by TTC staining. In con-
clusion, oxygen surrounding the heart during
ischemic conservation determines the installa-
tion of myocardial injury during reperfusion.
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