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Optimal Duration of Coronary Ligation and
Reperfusion for Reperfusion Injury Study
in a Rat Model
Shih-Tai Chang,1 Chi-Ming Chu,2 Teng-Yao Yang,1 Li-Man Hung,3 Kuo-Li Pan1 and Wen-Jin Cherng4

Background: Reperfusion injury (RI) has an important impact on the clinical prognosis for patients with acute
myocardial injury who had their coronary blood flow reestablished. However, no studies to date have investigated
the timeframe of coronary occlusion and reperfusion effects on RI.
Methods: A total of 100 rats were divided into 4 groups based on the coronary ligation period: 30, 60, 120, and
180 min, and each group was further divided into 5 subgroups with different reperfusion periods: 0, 30, 60, 120,
and 180 min. R0 was the baseline of each subgroup. All animals received the same protocols for designed ligation
and reperfusion periods. Evans blue and 2,3,5-triphenyltetrazolium chloride were used to distinguish different
myocardial injury areas: area at risk (AAR) and myocardial necrosis. The differences of the ratios of the necrotic
area to AAR between each subgroup and baseline were further averaged to calculate an overall value of each
heart.
Results: The relative RI percentages showed significant differences (0.8 ± 2.3%, 4.9 ± 3.3%, 10.8 ± 3.1%, and 20.3 ±
3.6% respectively, p < 0.001) at different time points of reperfusion but not at different time points of ligation (p =
0.593). The effects of different time courses in RI showed that the L120R180 group (43.4 ± 2.3%) had the highest RI
difference with the baseline group.
Conclusions: Maximal RI occurred at the timeframe of L120R180 in our animal model. This result may be utilized to
assess the substantial benefits of RI therapies in an experimental rat model setting.
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INTRODUCTION
Coronary artery disease (CAD) has been a global
burden on healthcare resources and is the leading cause
of morbidity and mortality worldwide.1 Novel therapeutic strategies should take into consideration the consequences of CAD in order to reduce the global impact of
this disease on society. Following an acute myocardial
infarction, reestablishing coronary blood flow with a
rapidly deployed reperfusion strategy, such as thrombolysis or primary coronary intervention, is essential to
salvage viable myocardium. Prompt restoration of blood
flow to the ischemic myocardium will limit the infarction
size and reduce mortality. However, paradoxically, the
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endotracheal tube (PE-50), and the rats were ventilated
at a rate of 66-120 beats/minute with a tidal volume of
0.6-1.25 ml/minute by a rodent ventilator (SAR-830/AP,
CWE Inc., Ardmore, PA, USA). Oxygen saturations were
maintained at greater than 95% during the experiment.
The body temperature maintenance was monitored by a
rectal probe connected to a digital thermometer to keep
a constant core temperature of 37 °C.

return of coronary blood flow can also result in additional cardiac damage and complications, including lifethreatening arrhythmia and myocardial necrosis, referred to as reperfusion injury (RI).2-7
Realizing the RI mechanism and reducing the RI extent are vital for coronary blood flow restoration. In the
Deloche et al. study, the authors concluded that the size
of the infarctions caused by temporary ischemia was
found to be significantly smaller in 60% of the cases as
compared to the infarctions caused by permanent ischemia.8 Besides, Mulch et al. reported that deficient
cardiac functional recovery was observed after ischemic
periods extending beyond 30 minutes, in spite of reperfusion periods. 9 And Reimer et al. 10 provided evidence for the wavefront phenomenon of ischemic cardiac death in dogs. However, no studies illustrate the
cardiac time sequence effect of coronary ligation and
reperfusion. Furthermore, no study has explored the
timeframes for coronary ligation and reperfusion that
could result in the maximal RI. Moreover, whether experimental medication in this maximal RI period will interfere with the reperfusion therapy is not known. To
our knowledge, no studies have investigated the relationship between RI extent and period of coronary ligation and reperfusion. If the animal ischemia/RI timeframe model can be achieved, the model may be utilized to assess the benefits of RI therapies in a clinical
setting.

Induction of ischemia
A loading dose of 200 u/kg heparin was given to the
rats before surgery, and a heparinized catheter was inserted into the right femoral artery for hemodynamic
status monitoring. The heart was then exposed by way
of a left vertical thoracotomy and pericardiectomy; the
thoracotomy was conducted just to the left of the chest’s
midline. To reduce the mortality of rats during the experiment due to significant arrhythmia, the left anterior
descending coronary artery (LAD) ligation should not be
higher than the bottom of the left atrium. Regional
ischemia was achieved by snaring the LAD with a 6-0 silk
suture, and ischemia was confirmed by a visual assessment of cyanosis and dyskinesis of the myocardium supplied by the LAD. For the high prevalence of LAD reperfusion arrhythmia, the rats were given 100% oxygenation before and after the LAD ligation and reperfusion
to reduce the number of lethal complications. Furthermore, the heart directly received a drop of 0.5% xylocaine just before ligation and after reperfusion. During
the period of ischemia and reperfusion, the open wound
was kept moist, and a parafilm covering was used to
prevent dehydration. Additionally, 1 ml normal saline
was administered through the right femoral artery catheter every 30 minutes. Because cardioversion for low
blood pressure or arrhythmia during the experiment
may affect the myocardial necrotic process, no cardioversion was performed during the study process, and
the rats were removed from the study if the systolic
blood pressure was lower than 50 mmHg.

MATERIALS AND METHODS
Animal preparation
Normal 8-week-old male Sprague-Dawley rats (weight
approximately 250-300 g) were fed a standard diet and
acclimated to a quiet quarantine room for 7 to 10 days
before the experiments were performed. All animals received human care, and the animal protocol was reviewed and approved by the Institutional Animal Care
and Use Committee of Chang Gung Memorial Hospital.
The animals were anesthetized with 2 ml/kg intraperitoneal injection of ketamine, atropine, and chloral hydrate (with a ratio of 1:3 each). If needed, a dose of 0.2
ml was repeated every 30 minutes. The rats were then
placed in a supine position with paws taped to the operating table. Airway maintenance was conducted with an
Acta Cardiol Sin 2016;32:491-497

Study groups
The animals were divided into 4 groups: ligation 30
minutes (L30), 60 minutes (L60), 120 minutes (L120),
and 180 minutes (L180). Each ligation group was further
divided into 5 separate reperfusion sub-groups: reperfusion 0 minutes (R0, baseline group), reperfusion 30
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from a total of 40 fields per heart in a blind manner by
confocal microscopy at ´ 400 magnifications.

minutes (R30), reperfusion 60 minutes (R60), reperfusion 120 minutes (R120), and reperfusion 180 minutes
(R180). Therefore, this study protocol involved a total of
20 sub-groups, and every sub-group contained 5 rats.

Statistical analyses
The Statistical Package for Social Sciences (SPSS) 14.0
for Windows was used to conduct the statistical analysis,
and all the values were expressed in terms of mean ± SE.
Statistical analysis was performed using the generalized
estimating equation (GEE) for groups of ligation and
reperfusion. The 95% confidence intervals were used to
identify which groups were significantly different in multiple comparisons. Time effects of RI changes in comparison with R0 for ligation and reperfusion were analyzed by
using repeated measures ANOVA tests between subjects,
and Bonferonni’s post-hoc test was used to compare the
effects of different timeframes in ligation or reperfusion.
A p value < 0.05 was considered significant.

Assessment of infarction size and area at risk of the
left ventricle
After the ischemia and reperfusion study protocol
of each subgroup was conducted, the ligature around
the LAD was retightened. Evans blue dye (l ml of 2% solution) was injected into the left atrium to stain the area
of the myocardium perfused by the patent coronary arteries for 5 minutes, and the unstained myocardium was
defined as the area at risk (AAR). Then, the atria, right
ventricle, and major blood vessels were subsequently
removed from the heart. Phosphate buffer saline was injected into the isolated left ventricle for 5 minutes and
the left ventricle was soon frozen at -80 °C until further
utilized. The left ventricle was then sliced into 5 parallel
sections (myocardial slice) of 1-mm thickness along the
atrioventricular groove. The unstained portions of myocardium (the AAR) were separated from the stained portions of myocardium, and then the AAR portions were
incubated in 1.0% 2,3,5-triphenyltetrazolium chloride
(TTC) for 5 minutes at 37 °C and fixed in 10% formalin.
The area not stained with TTC dye was defined as the
myocardial necrotic area. These serial slices were scanned using an Epson AL-CX11 flatbed scanner (Epson,
Long Beach, CA, USA). The total left ventricular area, the
necrotic area, and the AAR of the left ventricle (in arbitrary units) of each slice were measured using the NIH
Image J software (computer-assisted planimetry with
Image J-1.37 software). The percentages of the necrotic
area/AAR were then averaged to calculate an overall
value for each heart.5,6 In each ligation group, the difference of necrotic area/AAR between each reperfusion
sub-group and baseline (R0) was calculated as a relative
RI difference with the baseline.
Myocardial apoptosis was qualified using a commercially available terminal deoxynucleotidyl transferasemediated dUTP-biotin nick end labeling (TUNEL) kit.
TUNEL staining was performed with fluorescein-dUTP
for apoptotic cell nuclei, and 4’,6-diamidino-2-phenylindole (DAPI) was used to stain all cell nuclei. Apoptotic
index was measured by the number of TUNEL-positive
myocytes/total number of myocytes stained by DAPI

RESULTS
Time effects of RI for ligation and reperfusion
Figure 1 and Table 1 show the effects of different ligation/reperfusion time courses on myocardial infarct
size with respect to the left ventricle.
The reperfusion injuries vary in that they have different ligation and reperfusion periods. Figure 2A showed

Figure 1. Myocardial infarct size with the respect to left ventricle in different ligation/reperfusion time courses. Blue color represented as Evans
blue stained myocardium (survival myocardium), and the other unstained
myocardium was defined as the area at risk (AAR). White color represented as the area not stained with 2,3,5-triphenyltetrazolium chloride
(TTC) dye and was defined as the myocardial necrotic area.

493

Acta Cardiol Sin 2016;32:491-497

Shih-Tai Chang et al.

that the RI percentage depended on different time
points of ligation. In the ligation periods of 30 minutes,
60 minutes, 120 minutes, and 180 minutes, the relative
RI percentage showed no significant differences between groups (8.2 ± 1.9%, 7.3 ± 2.7%, 13.3 ± 4.8%, and
8.0 ± 3.8%, respectively; p = 0.593). However, in Figure
2B, the relative RI percentage that depended on different time points (in 30 minutes, 60 minutes, 120 minutes, and 180 minutes) of reperfusion showed significant differences (0.8 ± 2.3%, 4.9 ± 3.3%, 10.8 ± 3.1%,

and 20.3 ± 3.6%, respectively; p < 0.001).
Table 2 shows the time effects of RI changes in comparison with R0 for ligation and reperfusion in multivariate ANOVA tests between-subject effects. In different ligation durations, the relative RI showed no differences between the groups. Conversely, the relative RI illustrated significant differences in groups of 180 versus
30 minutes (p < 0.001) and 180 versus 60 minutes (p <
0.001). The 180 versus 120 minutes group showed a
trend of significance (p = 0.091).

Table 1. Effects of different ligation/reperfusion time courses
on myocardial infarct size with respect to the left
ventricle

Effects of different time courses in RI
Figure 3 shows the effects of different time courses
in RI. The groups of L120R180 (43.4 ± 2.3%), L180R180
(19.2 ± 2.4%), L60R120 (16.1 ± 7.1%), L120R120 (13.4 ±
7.4%), and L60R180 (12.5 ± 4.5%) had high mean RI differences with the baseline (R0). In comparison with the
L120R180 group, the groups all showed significant RI
differences. The apoptotic indexes are 6.76%, 5.81%,
5.49%, 5.58%, and 4.32%, respectively (Figure 4). According to the results, the L120R180 group had the highest RI difference with the other groups.

L30
L60
L120
L180

R0

R30

R60

R120

R180

37.4 ± 3.1
41.2 ± 3.1
44.2 ± 3.2
51.4 ± 8.7

41.3 ± 4.7
40.9 ± 3.1
42.4 ± 3.9
50.0 ± 2.4

41.0 ± 3.80
41.7 ± 2.90
44.5 ± 3.60
55.5 ± 14.1

39.7 ± 1.6
47.8 ± 6.5
50.1 ± 7.3
55.3 ± 8.6

39.6 ± 2.7
46.3 ± 4.2
63.4 ± 2.3
61.3 ± 2.7

The data presented as mean ± standard error of the ratio of
myocardial infarct size to the left ventricle (%).
N = 5 in each subgroup, total were 20 (4 ´ 5) subgroups.

A
Figure 2.
duration.

B
Time effects in ligation (A) and reperfusion (B) for reperfusion injury. It illustrated a linear relationship between RI extent and reperfusion

Table 2. Time effects of RI changes in comparison with R0 for ligation and reperfusion in multivariate ANOVA tests between
subjects
p value
Duration

30 min

60 min

120 min

180 min

Post-HOC
Overall
180 vs. 30 min

Ligation
Reperfusion

8.2 ± 1.9
0.8 ± 2.3

7.3 ± 2.7
4.9 ± 3.3

13.3 ± 4.8 08.0 ± 3.8
10.8 ± 3.1 20.3 ± 3.6

<0.593
< 0.001

< 1.000
< 0.001

180 vs. 60 min 180 vs. 120 min
1.000
0.001

The data presented as mean ± standard error of the ratio of myocardial infarct size to the left ventricle (%).
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Figure 3. Effects of different ligation/reperfusion time courses in reperfusion injury. The L120R180 group showed significant RI differences in comparison with all other groups.

Figure 4.
groups.

The apoptotic indexes of different time courses in reperfusion injury. The L120R180 group had the highest RI difference with the other

cardial necrosis was only 18 ± 4% of the AAR. Nevertheless, other animal data suggested that up to 50% of
infarct size may be attributable to RI.7,11 Exploring the
RI mechanism in order to reduce the RI extent is a matter of concern for acute myocardial injury coronary
blood flow restoration therapy. However, different results occurred even in the same pharmacological trials
found in previous studies.12-21 These different studies
developed various animal models. Therefore, these
variations will affect the therapeutic results presentation and identification.
To our knowledge, no studies have investigated the
relationship between RI extent and the period of coronary ligation and reperfusion. A number of studies have
demonstrated the elusiveness of effective therapies for
reducing RI. Nonetheless, most of the clinical trials to

DISCUSSION
In 1990, Tsao et al.5 determined the time courses
of RI in cats following occlusions of the LAD coronary
artery for 90 minutes after reperfusions for times ranging from 0 to 270 minutes. Endothelial dysfunction,
which presented as depressed acetylcholine response
at the endothelium, occurred as quickly as 2.5 minutes
after reperfusion. However, no significant myocardial
necrosis occurred until 180 minutes of reperfusion,
and 10 ± 3% increased to 28 ± 3% at reperfusion of 270
minutes. In 1991, Viehman et al. completed a similar
trial in a cat model, except that no reperfusion was allowed. 6 They illustrated that a significant degree of
myocardial necrosis was not observed until 360 minutes of permanent ischemia, and the degree of myo495
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CONCLUSIONS

prevent RI have been disappointing. Different experimental results obtained from the same pharmacological
study were found frequently in previous reports. 22-26
Consequently, previous studies on RI therapy have some
drawbacks. First, different studies developed different
animal models. Second, the ligation and reperfusion duration of the coronary artery vary in different studies.
Moreover, at present, no studies have confirmed the intervals of coronary ligation and reperfusion to obtain
the maximal RI in an animal model. It is not known
whether experimental medication in this maximal RI
extent period will interfere with pharmacological effects
in reperfusion therapy.
In our study, we tried to establish and confirm the
intervals of coronary ligation and reperfusion to obtain
the maximal RI in a rat model. We found that in different ligation durations, the relative RI showed no differences between groups. However, the relative RI percentages at different time points of reperfusion showed significant differences. This means that the reperfusion
time interval has a more important role in RI than the ligation time interval does. Furthermore, after multivariate ANOVA tests between subjects on the time effects for ligation and reperfusion, the L120R180 group
showed the highest RI difference in comparison with the
L120R0 group. A comparison also showed significant RI
differences between the L120R180 group and other
groups. Although many other groups such as L180R180,
L60R120, L120R120, and L60R180 showed a higher RI
extent, the L120R180 group in the animal model seems
to have a maximal RI extent.
Our study showed a linear relationship between
RI extent and reperfusion duration. Therefore, during
this study period, we conducted the animal model for
reperfusion periods of more than 180 min, for example, 240 min, 300 min, or 360 min. However, even after electrical cardioversion, administration of xylocaine, and adequate hydration, high animal mortality
rate due to arrhythmia, hypotension, or shock occurred during these long reperfusion periods. On the
other hand, longer reperfusion periods also resulted
in higher time costs. Hence, for having the highest
relative RI extent (43.4 ± 2.3%), higher animal survival
rate during the experimental period, and optimal time
cost, the L120R180 group may be the best choice for
rat model.
Acta Cardiol Sin 2016;32:491-497

To our knowledge, no identical animal models have
been developed in previous studies. Different studies
developed various animal models. The variations will affect the results presentation and identification and produce a contrary conclusion. Besides, no study has explored the number of time intervals for coronary ligation and reperfusion to obtain maximal RI. For RI treatment, in our opinion, if we did not use experimental
medications or interventional therapies at the largest RI
extent time point, the experimental results would have
vacillated and proven inconclusive. When medications
or interventional therapies take the largest RI extent
time point, the therapeutic effects will be well-illustrated.
Although the rat coronary anatomy is far from the
human coronary anatomy, the rat model is relatively
easier to manipulate and conduct experiments on than,
for example, the pig model. According to our study, we
established the optimal rat model for reaching the maximal RI, and in doing so, we obtained and confirmed
more exact experimental outcomes for pharmacological
or other therapeutic effects in RI reduction studies. This
result may be utilized to assess the benefits of RI therapies in clinical settings.
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