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Understanding the mechanisms involved in the progression 
of heart failure, including the formation of fibrous scar and car-
diomyocyte loss, remains imperative for development of new 
therapies. For this reason, diverse experimental models, such as 
cultured cardiac cells, isolated hearts, and animal models, have 
been created to mimic human myocardial infarction and heart 
failure.7 The ready availability of laboratory mice and ability to 
generate genetic modifications in them has prompted the emer-
gence of specific mouse surgical models.2 Of these, cardiac isch-
emia–reperfusion in mice is induced by transient ligation of the 
left coronary artery (LCA) and remains one of the most repre-
sentative models of the ischemic cell death typical in humans.12 
However, this model is associated with variability in infarct size 
of 20% to 90% of the entire left ventricle,8 thereby requiring a large 
number of mice for each study. Typically, variability between dif-
ferent laboratories was related to modifications to the procedure 
and different times of analysis, but high variability (infarct sizes 
varying from 20% to 30% of the left ventricle) has been reported 
even within the same experimental group.3,4

Standardization of key features during surgery could reduce 
variability markedly, thereby facilitating comparisons of results. 
To this end, one group demonstrated that the consistent ligation 
of the LAD immediately below the left auricular level ensured 
reproducible infarct size (27% ± 1.5% of the left ventricle after 

3-wk ischemia).15 Another important source of variability arises 
from the configuration of the LCA and the difficulty in detect-
ing it, which often lead to blind placement of the ligature.1 Here 
we describe a surgical procedure for LCA ligation in mice that 
takes advantage of electrocardiography to verify correct ligation 
and reperfusion and reduce variability in infarct size. The use of 
electrocardiography perhaps could replace subjective analysis of 
heart pallor, thereby eliminating incorrect evaluations. In addi-
tion, we used this model to evaluate the modifications induced 
by ischemia–reperfusion and established a correlation among 
extent of ischemia, pathologic changes in the electrocardiogram, 
and infarct size.

Materials and Methods
Animals. The mice were housed and used in accordance with 

the Guide for the Care and Use of Laboratory Animals,5 and all ex-
periments were approved by the Institutional Ethical Com-
mittee of Institute of Cellular Biology and Pathology ‘Nicolae 
Simionescu’(Bucharest, Romania). Male Rap mice (n = 40; age, 
8 to 12 wk; weight, 25 to 30 g) were divided into 2 groups: 1) a 
myocardial infarction group (n = 34) that underwent 30 min (n = 
9), 1 h (n = 9), or 24 h (n = 8) of ischemia followed by reperfusion 
until day 7 or 7 d of ischemia (permanent ischemia, n = 8) and 2) 
a sham-operated control group (n = 6). An additional group of 8 
mice that underwent LCA ligation was used to determine the area 
at risk (AAR).

Coronary artery ligation. The procedure was carried out under 
aseptic conditions. The room and surgery table were sterilized 
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sectioned in 4 transverse slices. AAR was calculated from 4 heart 
slices for each mouse and expressed as the mean percentage of the 
unstained area in the left ventricle. To evaluate histologic changes 
in heart muscle, sections from 8 different levels of the heart were 
stained with hematoxylin and eosin and Masson trichrome ac-
cording to routine histologic protocols.

Infarct size was determined by estimation of infarct midlines on 
Masson-stained sections obtained at 8 levels of the heart.16 Briefly, 
the left ventricular myocardial midline was drawn between the 
epicardial and endocardial surfaces and its length was measured 
as the midline circumference. The midline infarct length was taken 
as the midline of the length of infarct that included more than 
50% of the wall thickness. Infarct size measurement of the heart 
was calculated by dividing the sum of midline infarct lengths by 
the sum of midline circumferences from all sections and multiply-
ing by 100%. The mean infarct size for each group was obtained.

Statistics.
All data were expressed as mean ± 1 SD. Electrocardiography 

parameters were compared by using paired t tests (Excel Office 
2007, Microsoft, Redmond, WA) with 2-tailed distribution. A P 
value of less than 0.05 was considered statistically significant.

Results
Electrocardiography to validate LCA ligation and reperfusion. 

Electrocardiography of intubated mice (Figure 1 A) was used as 
a control for the modifications induced by ischemia and reperfu-
sion. LCA ligation immediately induced a progressive increase 
in ST height and prolongation of the QTc segment (Figure 1 A). 
ST height increased by 14-fold (204 μV during ligation compared 
with 14 μV before ligation; Figure 1 B) and the QTc doubled (that 
is, 136 ms during ligation compared with 76 ms before ligation), 
due to increased T duration. These changes appeared within the 
first 5 min of ischemia, thereby confirming that LCA ligation was 
performed correctly. At 5 min after reperfusion, the ST height 
and QTc were within normal ranges (Figure 1 A), confirming 
appropriate reperfusion. Other ECG parameters (QRS interval, 
RR interval, and R amplitude) as well as heart rate did not differ 
significantly from the control values (Figure 1 B). Therefore, 2 tra-
ditional indicators of acute myocardial ischemia (ST height eleva-
tion and QTc prolongation) confirmed that electrocardiography 
was an appropriate tool to validate LCA ligation and reperfusion.

Histologic changes induced by 30-min ischemia and ischemia–
reperfusion. AAR induced by LCA ligation 1 mm distal from the 
tip of the left auricle was determined as the percentage of Evans 
blue-unstained tissue area in the total left ventricular region. AAR 
varied with the section level and increased as the level moved 
down (toward the apex; Figure 2 A), specifically from 25% at level 
2 to 75% at level 4. A mean AAR value of 40% of the left ventricle 
was obtained by calculating the mean of the values obtained in 
the 4 heart slices from each of 8 mice.

The histologic changes induced immediately after 30-min is-
chemia and after 24 h of reperfusion were evaluated through he-
matoxylin and eosin staining (Figure 2 B). Compared with results 
from control hearts, which underwent surgical intervention for 
LCA ligation without tightening of the ligature (data not shown), 
30-min ischemia induced contraction band necrosis and constrict-
ed cardiac cells (Figure 2 B). After 24 h of reperfusion, myocardial 
fiber necrosis was evident (Figure 2 B). The cytoplasm of some 
myocytes became more eosinophilic, and these cells lost their 
transversal striations and even nuclei. Furthermore, infiltration 

under UV light at the beginning of the day and surgical instru-
ments were sterilized in a dry sterilizer (Germinator 500, WPI, 
Berlin, Germany). Mice were anesthetized with chloral hydrate 
(400 mg/kg IP) and maintained in a dark box until the anesthetic 
achieved its effect. Surgical anesthesia was verified as a lack of re-
sponse to toe pinch. The chest and neck regions of the mice were 
shaved and cleaned with 70% ethanol and the mice placed in a 
supine position under a stereomicroscope. During surgery, body 
temperature was maintained at 37 °C by using a temperature con-
troller by means of a rectal probe (WPI). Mechanical ventilation 
was achieved by orotracheal cannulation of the trachea with a 
20-gauge blunt needle attached to a mouse ventilator (28025 Ugo 
Basile, Comerio, Italy) by means of a plastic Y connector.4 Tidal vol-
ume and ventilation rate were adjusted according to the mouse’s 
weight (for example, a ventilation rate of 133 breaths per minute 
and tidal volume of 0.2 mL for a 30-g mouse). Electrocardiogra-
phy electrodes were connected to the limbs through small needles 
inserted subcutaneously; gel was used to increase the electrical 
contact between needles and electrodes.

For LCA ligation, the skin was incised, the layers of the chest 
muscles were separated, and a thoracotomy was made in the 
fourth intercostal space. The pericardium was removed, and the 
LCA was ligated 1 mm distal from the tip of the left auricle by us-
ing 7-0 polypropylene suture. A short 2-0 silk thread was inserted 
between the knot and LCA to protect the vessel from bleeding. 
The modifications induced by LCA ligation were monitored by 
electrocardiography. At the end of the procedure, the intercostal 
space was closed by joining together the 2 neighboring ribs and 
then the muscles and skin were sutured separately. Voluntary res-
piration was restored by gently removing the intubation needle. 
Mice were allowed to recover on cotton bedding and maintained 
under a heating lamp to prevent hypothermia. When complete-
ly recovered from anesthesia, mice were housed individually, 
with fresh water and food provided ad libitum under standard 
laboratory conditions. Mice were monitored postoperatively 
for behavior changes indicative of pain or distress. Most mice 
showed no signs suggestive of pain, such as reluctance to move, 
decreased appetite, vocalization, and self-mutilation. Two mice in 
the permanent ischemia group were reluctant to move 1 day after 
surgery and consequently were removed from analysis. Surgical 
lesions healed with no visible infection on the surface or within 
the body by the end of the experiment; therefore, there was no 
need for antibiotic treatment. Mice in the myocardial infarction 
group with 24-h ischemia underwent repeat surgery at the time 
of reperfusion.

Electrocardiography. Three-lead electrocardiography was per-
formed (PowerLab/4SP System and ML136 Animal Bio Amp 
module, ADInstruments, Spechbach, Germany). A recording time 
of 2 min was considered sufficient to provide a representative 
view of heart function (approximately 800 events). The data re-
corded were submitted to a 50-Hz notch filter with an automatic 
setting determined by the software (ECG module of Chart 5.5). 
Because in rodents the T wave is very close to QRS complex,19 the 
end of QRS complex of each signal was considered to be the point 
at which the T wave started and the ST segment was measured. 
Therefore, ST height represented the distance (in μV) from the 
baseline to the line where the T wave started.

Histologic analysis. AAR was determined by retrograde per-
fusion of Evans blue dye (2%) into the abdominal aorta immedi-
ately after LCA ligation. The heart was excised immediately and 
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in the electrocardiogram (inverted T waves, pathologic Q waves, 
and microvoltage abnormalities). These changes did not reverse 
when the ligature was released and were similar to those noticed 
after 7-d ischemia (Figure 4, inset), indicating ineffective reperfu-
sion after prolonged ischemia. In other words, ischemia for 24 h 
induced the same cardiac effects as 7-d (that is, chronic) ischemia. 
Taking together these findings, the electrocardiographic profile 
corroborates the histologic modifications and predicts the sever-
ity of the myocardial modifications induced by ischemia in the 
mouse model of LCA ligation and reperfusion.

Discussion
Since the first description of the mouse model of myocardial 

ischemia–reperfusion,13 various modifications have been made to 
improve the procedure. With few exceptions,4,14 these publications 
did not offer detailed descriptions, thereby complicating repro-
duction of the model. In addition, these studies typically used 
heart paleness to confirm ligation of the LCA,1,11,17 which practice 
contributed to the variability of the results.

Here we describe the surgical procedures for myocardial 
ischemia–reperfusion in adult mice. Our report stresses the im-
portance of using electrocardiography during the procedure, as 
a rapid and inexpensive tool to validate LCA ligation and rep-
erfusion. Three-lead electrocardiography is an easy monitoring 
system that adds minimal complexity to the procedure but offers 
great advantage by validating the procedure and thereby reduc-
ing variability in infarct size. Although a 12-lead system gener-
ally provides more detailed characterization of cardiac electrical 
activity, in the particular case of experimentally induced LCA 
ischemia, in which the precise location of the arterial occlusion is 
known, multilead ST segment analysis is unnecessary. In addition, 
3-lead electrocardiography offers several advantages over 12-lead 
systems, including reduced signal noise in small animals, more 
rapid equipment set-up, and easier preparation of subjects.5

of inflammatory cells between cardiomyocytes was noted, indi-
cating acute inflammation (Figure 2 B).

Correlation between duration of ischemia and infarct size. We 
questioned whether duration of ischemia and infarct size were 
correlated in the mouse model. Mice underwent ischemia for 30 
min, 1 or 24 h, or 7 d followed by Masson trichrome staining on 
day 7 (Figure 3 A). Infarct severity progressed from a subepicar-
dial infarct affecting 9.7% ± 0.5% of the left ventricle after 30-min 
ischemia to a transmural infarct affecting 16.1% ± 4.6% when isch-
emia lasted for 1 h (Figure 3 B). However, the infarct sizes pro-
duced by 24-h ischemia and 7-d ischemia were similar (33% ± 2% 
versus 31.8% ± 0.7%) and were nearly as large as AAR, indicating 
that reperfusion after 24-h ischemia was ineffective.

In addition, we used electrocardiography to evaluate the effect 
of increasing the duration of the ischemic period on the severity 
of myocardial modifications (Figure 4 A). Whereas 30-min isch-
emia resulted in reversible changes in the electrocardiogram (that 
is, abnormalities disappeared after reperfusion), 1-h ischemia in-
duced more severe modifications, which were not completely 
abrogated after reperfusion. Thus, electrocardiographic patterns 
indicated various irreversible changes in the myocardium after 
1-h ischemia. Accordingly, 24-h ischemia led to severe injury in 
the myocardium, which was associated with dramatic changes 

Figure 1. Validation of LCA ligation and reperfusion by using electro-
cardiography. (A) Representative composite electrocardiographs from 
intubated mouse before LCA ligation, during ligation, and after releas-
ing the ligation (reperfusion). Raw tracings are shown below each com-
posite view. (B) Electrocardiographic parameters as calculated from the 
composite recordings in panel A.

Figure 2. Histologic modifications induced by 30-min ischemia. (A) AAR 
induced by LCA ligation, as determined by Evans blue assay. Evans 
blue stain was visible throughout the heart, as well as in the sections 
numbered from 1 through 4. (B) Myocardial changes (a, b) immediately 
after 30-min ischemia (*, contraction band necrosis) and (c) after 24 h of 
reperfusion (*, stretching of myocardium). Bar, 50 μm.

Figure 3. Myocardial modifications induced by various periods of 
ischemia. (A) Masson staining showing a subepicardial infarct involv-
ing approximately 10% of the left ventricle that was induced by 30-min 
ischemia (I; far left) and transmural infarcts that increased in size with 
increasing ischemia duration. The sections were all obtained from the 
same level of the heart. (B) Quantification of infarct sizes induced by 
increasing periods of ischemia followed by reperfusion until day 7 and 
by 7-d ischemia.
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of ischemia, whereas the area at risk remains constant. To de-
crease the variations associated with the surgical procedure, we 
always ligated the LCA 1 mm distal from the tip of the left auricle. 
To further limit any potential variability, we used intraoperative 
electrocardiography. Without adding any major disadvantage 
in regard to the procedure, this tool offers the main advantage 
of validating LCA ligation and replaces the common procedure 
of blind identification of the coronary artery and confirmation 
through subjective assessment of heart pallor.

In conclusion, the clinically relevant experimental mouse mod-
el of myocardial ischemia–reperfusion can be improved by using 
electrocardiography during surgery to verify key components 
of the model, such as LCA ligation and reperfusion. This model 
can be adapted for use in diverse applications, from molecular 
signaling research to cellular transplantation studies, by varying 
the duration of the LCA ligation period.
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