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Abstract
Background: The experimental model of myocardial infarction after coronary artery ligation in rodents has been the model of heart failure more widely used in 
cardiology. This model has several characteristics that must be considered during the development of experimental research.

Objective: To evaluate the effects of model of heart failure in mice undergoing surgery for left coronary artery ligation on the functional and morphological 
measurements, comparing them to animals that underwent surgery without artery obstruction.

Methods: Surgical ligation of the left coronary artery was performed in female mice isogenic Balb/C (MI + PBS group). Control animals underwent the same surgical 
procedures, but without coronary artery ligation (Control group). After 30 days was performed functional capacity evaluation by stress test, echocardiography and 
tissue collection.

Results: After 30 days of induction of myocardial infarction, all animals in the infarcted group showed abnormal ventricular contractile segmental result, reflected 
by the perimeter infarction (30%) and pathologic analysis which process shown hyalinization in 45% of animals. Important inflammatory infiltrates process was 
identified in lung pathologic analysis, 5 control mice and 5 IM + PBS animals.

Conclusion: Our results allow us to conclude that the model of infarction caused by ligation of the left coronary artery is a good experimental model, demonstrated 
by echocardiographic assessments, which contribute to the deepening pathophysiological and therapeutic syndrome of heart failure, despite its peculiarities.
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Introduction 
The experimental model of myocardial infarction after coronary 

artery ligation in rodents has been the animal model of cardiac 
insufficiency most widely used in research in experimental cardiology 
[1], which contributes to the pathophysiology and therapeutical 
analysis of this syndrome [2]. The model was first described by 
Heimburger in 1946 [3] in small animals and was progressively 
modified by Johsn & Olson in 1954 [4]. This procedure consists of 
opening the thorax after thoracotomy to the left between the third and 
fourth intercostal space, with the animal intubated and mechanically 
ventilated. The pericardium is carefully opened for exposing the heart, 
which is partially immobilized, with its apex gently pressed between 
the thumb and forefinger. The left coronary artery is obstructed by the 
passage of suture wire. The heart is repositioned, the thorax closed by 
ribs reapproximation and sutured skin [5].

Partial occlusion of the left coronary artery leads to myocardial 
ischemia, which initiates an inflammatory reaction, activating repair 
mechanisms that ultimately results in cicatricial scarring [6] and, 
consequently, heart failure [1,7], as shown in the figure 1. The method 

described above has several advantages. Firstly, we can used modified 
animals for specific protocols and at a lower cost than in larger animals. 
Secondly, the surgery is extremely fast, with a duration ranging from 2 
to 5 minutes [8].

This model of induction of HF, similarly to mice and mice [9], leads 
to hemodynamic changes similar to those presented in humans, such as 
decreased heart rate, mean arterial pressure [10-11], and increased LV 
end-diastolic pressure [11-13]. In addition to the central alterations, 
the model results in systemic changes in neurohormonal regulation 
[12], changes in peripheral capillarization [14-15] and other peripheral 
alterations in relation to oxidative stress and metabolism [16].
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Despite being a widely used model for the study of pathophysiological 
changes due to coronary occlusion, the model presents several peculiar 
characteristics that may hinder its handling. Thus, the objective of this 
study was to evaluate the effects of the cardiac failure model in mice 
submitted to left coronary artery ligation surgery on the central and 
functional tissue morphological characteristics, comparing them to 
the animals submitted to the surgical procedure without obstruction of 
the artery.

Methods
Animals

The present study was approved by the Commission of Ethics 
in Animal Experimentation of the Federal University of Amazonas 
(CEEA-UFAM), under protocol no017/2010 in a meeting held on 
05/07/2010, because it was in accordance with ethical principles in 
animal experimentation, Adopted by the Brazilian College of Animal 
Experimentation (Cobea) (http://www.cobea.org.br).

In this study, mice, BALB/c females, 4-6 weeks of age, were from the 
(UNESP). These mice were kept in laboratory-specific enclosures with 
ambient insulation, automatic light control (light and dark cycles of 
12 hours), temperature (22°) and constant humidity fed with standard 
feed and water ad libitum.

Induction of acute myocardial infarction through the ligature 
model of the left coronary artery

The animals were initially anesthetized by inhalation using 
sevoflurane anesthetic (Baxter Ind. & Co., Deerfield, USA) with 
continuous flow of oxygen mixture, intubated and artificially ventilated 
(Rodent Ventilator model 683 - Harvard, Massachusetts, USA). The 
technique used to induce infarction was the ligature model of the left 
coronary artery (4-5). The temperature of the animal was between 36.8º 
and 37ºC in a warm surgical bed (Insight Ltda, Ribeirão Preto, Brazil) 
during the surgical procedure. Animals Control Group: Control group 
mice done to the same surgical procedure, but without coronary artery 
ligation.

The evolution of the body weight of all animals was monitored 
weekly, in a semi-analytical balance (SF-400, Marca Electronic, SP, 
Brazil) during the experiment period until the conclusion of the 
experiment.

Experimental draw

After the surgical procedure, the animals belong into the following 
experimental groups: false operated (Control, n = 10) and myocardial 
infarction, which was administered 0.9% phosphate-saline buffer 
solution for volume maintenance (IM + PBS, N = 11). Control animals 
did to all surgical procedures, except coronary artery ligation. We 
observed all animals for four weeks.

Functional capacity assessment

The physical exertion test was performed after two days of 
adaptation of the animal in a treadmill, through stepwise progressive 
test, until exhaustion of the animal [17], with initial velocity of 11 
m/s, without inclination, after 28 days of induction Of the infarction. 
Every three minutes, the velocity increased by 5m/s, until the animal 
exhaustion, that is, the test ended when the animal could not maintain 
the running pattern. The variables evaluated: the final velocity (m/s) 
and the total distance traveled (m) per animal during the test.

Echocardiographic examination

After a period of 30 days, the animals were anesthetized and 
ventilated, as previously described, for echocardiographic examination, 
as described by Farahmand et al. [18]. After tricotomy of the anterior 
thoracic region, the animals were placed in dorsal decubitus in a heated 
surgical bed for the appropriate positioning of the transducer in the 
left hemithorax of the animal. The GE® VIVID 5 equipment (Highland 
Park Dr. Bloomfield, USA) with an 8 MHz transducer was used for 
this examination. The infarct area was estimated by determining 
the internal perimeter of the infarcted region in relation to the total 
perimeter of the heart [19]. At each echocardiographic exam, a total 
of three measurements were collected, and the mean and standard 
deviation were subsequently calculated. Through this analysis, the total 
perimeter of the left ventricle and the perimeter of cicatricial scarring 
were measured in the infarcted groups, allowing the calculation of the 
percentage of infarction.

Collection of fabrics

After blood collection, the animals were euthanized by cervical 
dislocation. Next, heart, lung and liver were collected. The hearts 
were removed and dissected, separating the atria and the left and right 
ventricles, the ventricular septum being considered integral to the left 
ventricle. After weighing the analytical balance (Adventurer, model 
Ohaus, Col. Lindavista, Mexico), the left ventricles and lungs were fixed 
in 10% formalin solution, used for histopathological analysis. The left 
tibia was removed and weighed for normalization of the weights of the 
heart, ventricles, lung and liver. The presence of cardiac hypertrophy 
was determined using the weight of the heart and the weight of each left 
and right ventricle, isolated for each animal. The presence of pulmonary 
and hepatic congestion was determined using the weight of each organ 
(left lung and liver) of each animal. To analyze these data, the weight 
of each tissue was corrected by the animal’s tibia weight (mg), and the 
result was presented in mg/mg [20].

Anatomopathological analysis

The samples were preserved in 10% formalin and included in 
paraffin blocks for cutting and staining. The 5-micron thick sections 
were obtained by microtome model CUT 4055 (SLEE Technik GmbH, 
Mainz, Germany), and placed on a previously identified glass slide. 
After obtaining all the slides, they were placed in an oven for about 30 
minutes for deparaffinization of the tissues and subsequent staining of 
the same. The histological sections were stained by the Hematoxylin-
Eosin technique [21], to evaluate the cytoarchitectural findings. When 
necessary, auxiliary staining, such as Gomori’s trichrome [22], was 
performed to better visualize collagen fibers. The histopathological 
test was performed in the simple-blind model, aiming to evaluate 
the following parameters: left ventricle and right ventricle, (1) fiber 
disorganization, (2) hyalinization, (3) calcification, (4) endocardial 
thickening, (7) Thinning, (6) inflammatory infiltrate, and (6) 
angiogenesis; In the lung, (1) alveolar distention, (2) congestion and 
(3) inflammatory infiltrate.

Statistical analysis

The results obtained were stored in the Excel® 2007 program for 
Windows7®. GraphPadPrism® version 5. The numerical results were 
expressed as mean ± SEM. For the analysis of the variables obtained, we 
used an unpaired Student t-test. Pearson’s chi-square test (χ2) was used 
for correlation analysis. The level of significance used in all analyzes 
was less than 5% (p <0.05).

http://www.cobea.org.br
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Results
Mortality

In total, 24 animals were used in the study, of which 12 were 
submitted to the surgery of induction of infarction with obstruction 
of the left coronary artery and 12 mice were submitted to the control 
surgery. The perioperative mortality rate, which includes 24h after the 
procedure was higher in the Control group (2 animals) than in the IM + 
PBS group (1 animal). No death involved cardiac rupture in either group.

General characteristics of experimental groups

The studied group was considered homogeneous since the mice 
presented no significant difference in body weight at the beginning of 
the study. Similarly, body weight measured at the end of the study did 
not differ between groups, as shown in table 1. The weight of the hearts 
as well as the left ventricle weight increased 18% and 20%, respectively, 
when compared to the group Control, and these signs are compatible 
with post-infarction cardiomegaly. The corrected weight of the lungs 
and liver was not different in any of the evaluated groups.

Function of the left ventricle

As described previously, ligation of the left coronary artery is an 
efficient procedure in the induction of myocardial infarction. In the 

present study, the perimeter of the left ventricular infarction of the 
mice was evaluated using the echocardiographic exam. We observed 
in Figure 2 that, after 30 days of infarction induction, all animals in 
the infarcted group that received PBS (IM + PBS) presented contractile 
segmental changes of the ventricle in an anatomopathological study 
related to the findings of dyskinesia and akinesia. No animals in the 
control group presented left ventricular echocardiographic alterations 
suggestive of myocardial infarction. The infarct perimeter in the IM + 
PBS group was ~ 30%, demonstrating the efficacy of the experimental 
procedure.

Evaluation of functional capacity

The stress test was performed with the purpose of verifying 
the resistance to exercise induced by the experimental model in 
progressive test until the exhaustion of the mouse. The results obtained 
in the exercise resistance test showed no significant difference in the 
total distance walked (Figure 3) and final velocity reached (Figure 4) by 
the control group, when compared to the IM + PBS group (Control = 
510.3m ± 137.3, IM + PBS = 572.9m ± 206.0) and (Control = 0.66m/s ± 
0.06, IM + PBS = 0.69m/s ± 0.09), respectively.

The correlation analysis between the functional test and the 
echocardiographic data in animals submitted to surgical procedure 
with coronary artery obstruction (IM + PBS group) showed that the 

Figure 1. Left ventricular myocardial section of an infarcted animal, demonstrating the use of the Hematoxylin and Eosin (A) technique and Gomory’s (B) trichromic staining technique. 
The image represents myocardial thinning area with replacement by collagen (blue) forming cicatricial scarring following myocardial infarction.

Figure 2. Perimeter of infarction of the left ventricle. Sham groups and HF (infarction + 0.9% phosphate-saline buffer solution). The results are presented as a percentage of the perimeter of 
infarct / total left ventricular perimeter measured in the echocardiographic analysis, after a period of 4 weeks of induction of the experimental infarction. * Statistical significant difference 
between the groups HF and Sham (p <0.0001) by t-Student test.
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higher the cardiac dysfunction determined by the infarct perimeter, 
the greater the intolerance of the mice in the test (P <0.001), both in 
the evaluation of the total distance traveled (Figure 5) and in the final 
velocity achieved (Figure 6).

Anatomopathological analysis
The results of morphological findings observed in the left and right 

ventricles and lungs, after 30 days of experimentation, are presented 
in Figures 7 and 8. The data for the group of control and IM + PBS 
mice are presented below: in the left ventricle of the group Control, 
according to figure 7 and 9A, no disorganization of the muscular fibers 
was observed, and the striated cardiac muscle cells were organized, 
containing one or two nuclei and branching cytoplasm, giving a 
continuous network aspect. Figure 8 shows the presence of this finding 
in 36% of the infarcted animals. The mice in the control group had 
no evidence of a left ventricular hyalinization process, however, 45% 
of the IM + PBS mice presented this event. In a controversial way, 1 
animal in the control group showed presence of calcification in the left 
ventricle after the control surgery and 2 animals presented in the IM 

+ PBS group. No myocardial thickening or thinning of the wall was 
observed in the control group, which was observed in 36% and 45% 
of the IM + PBS animals, respectively. Histological sections of the left 
ventricle of the animals of the control group demonstrated the presence 
of inflammatory infiltrate in 1 mouse of this group and 2 animals of the 
IM + PBS group. No angiogenesis was observed in the control group, 
which was reported in 1 animal from the IM + PBS group.

Tissue analysis of the right ventricle showed the presence of 
cardiac muscle fibers in the usual arrangement, partially coated with no 
particular endocardium, interspersed with blood vessels, in the control 
group, but 1 mouse presented alteration in the IM + PBS group. No 
mouse in the control group presented right ventricular hyalinization, 
and 1 animal presented in the IM + PBS group. Histological findings 
related to calcification, endocardial thickening and thinning were 
found in the following proportions: Control group: 20%, 10% and 10%; 
And IM + PBS group, 18%, 9% and 27%, respectively. No alterations 
of normality were observed regarding the presence of inflammatory 
infiltrate in the RV in any mouse, as well as angiogenesis.

Histological sections obtained from the lungs of mice of the Control 
group demonstrated preserved lobular histoarquitetura, recognizing 
terminal bronchiole, respiratory bronchiole and adjacent alveolar tissue. 
Acidopulmonary analysis revealed alveolar hyperdistension in 1 mouse 
of this group. Event not reported in IM + PBS group. The presence of 
moderate alveolar congestion in 2 animals of the control group and in 
45% of IM + PBS. We identified an important inflammatory infiltration 
process in 5 control mice and 5 IM + PBS animals.

Discussion
The present study demonstrated that myocardial infarction 

induction surgery after ligation of the left coronary artery involves 

Figure 3. Correlation between total distance traveled (A) and final velocity reached (B) obtained in progressive test until exhaustion and perimeter of infarction observed in echocardiographic 
evaluation in mice submitted to surgery of induction of myocardial infarction after 4 weeks (IM + PBS). Statistical analysis using Pearson’s chi-square test (χ2).

Figure 4. Results of morphological findings of the left ventricle (LV) and right ventricle (RV) and lung in the Sham animals after 30 days of experimentation. The data referring to the 
histopathological findings are presented from the frequency of appearance of each event, with each line representing one mouse from each group.

Table 1. Morphologic statements. * Significant difference between the Sham group 
(t-Student test).

                     Groups
Weight 

Control
(n = 10)

IM+PBS
(n = 11) p

Initial body weight (g) 21,44 ± 2,35 20,83 ± 1,32 0,28
Final Body (g) 23,9 ± 1,91 23,91 ± 1,3 0,98
Heart (mg / mg) 2,28 ± 0,28 2,71 ± 0,51* 0,01
Left ventricle (mg / mg) 1,58 ± 0,24 1,91 ± 0,34* 0,01
Right ventricle (mg / mg) 0,38 ± 0,06 0,46 ± 0,15 0,07
Lung (mg / mg) 1,5 ± 0,24 1,79 ± 1,08 0,19
Liver (mg / mg) 22,1 ± 3,51 22,94 ± 4,24 0,2
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Figure 5. Results of morphological findings of left ventricular (LV) and right ventricle (RV) and lung in animals of HF group after 30 days of experimentation. The data referring to the 
histopathological findings are presented from the frequency of appearance of each event, with each line representing one mouse from each group.

Figure 6. Morphological aspect of the left and right ventricles of the Sham and HFmice after 30 days of myocardial infarction induction surgery. Morphological aspect of normal alignment 
of cardiac fibers in animals Sham in (A) left ventricles and (B) right ventricle; (C) and (D): left ventricle of the animals after infarction induction demonstrating area of   cardiac fiber 
disorganization, with evident interposition of collagen. (E) and (F): right ventricle demonstrating presence of calcification (*) Hyalinization event. Arrow indicates foci of calcification (HE, 40x).
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pathophysiological changes that correspond to the characterization of 
the syndrome in humans, allowing the use of this test as a resource 
for the best knowledge in experimental cardiology. However, it should 
be pointed out that control animals, which undergo the experimental 
procedure without obstruction of the artery, also present central and 
peripheral alterations due to the manipulation, which may, eventually, 
compromise the observed final results.

Echocardiographic data demonstrated the formation of cicatricial 
scarring after the experimental surgery, which was visualized in all 
mice submitted to the infarction, which was approximately 30%, 
similarly to what was previously observed by other authors [23]. This 
result corroborates the findings regarding the increase in the weight of 
the heart and ventricles in mice of the IM + PBS group, which indicate 
myocardial hypertrophy. These data are in agreement with those found 
by de Leon et. Al (2011) where cardiac hypertrophy was observed 
after 30 days in rats submitted to experimental myocardial infarction 
associated with pulmonary congestion and hepatic congestion, clinical 
signs of heart failure [11]. However, in our study, we did not observe 
a significant difference between the groups in relation to the weights 
of the lung and liver organs. Thus, we chose to classify the IM group 
as animals with ventricular dysfunction after MI and not with HF, 
according to Lopes et al. (2009) [24].

Data from the literature demonstrate that there are two important 
factors that should be considered in the coronary artery ligature 
infarction model: high mortality in the first 24 hours following 
coronary occlusion and expressive diversity of the sizes of the infarcts 
obtained [2]. The diversity of infarct perimeters is reflected in the results 
presented in our study, in which we observed a variability between 15 
and 40% of the rate between infarct perimeter and total left ventricular 
perimeter.  Another fundamental characteristic of this model is that the 
functional alterations are closely related to the infarct size. Studies have 
shown [8, 25] that animals with infarc- tions below 30% did not present 
hemodynamic abnormalities. Animals with moderate infarcts (31-46%) 
presented normal baseline hemodynamic values, but reduced capacity 
to generate pressure. On the other hand, animals with large infarcts (> 
46%) had heart failure, with high filling pressures and reduced cardiac 
output. Similar data were demonstrated in the present study in which 
a negative correlation was observed between the values   measured in 
the exercise test - total distance traveled and final velocity achieved - 
and the perimeter of infarction in the animals that were submitted to 
the infarct operation produced by ligature of the artery , According 
to figures 5 and 6. The histopathological analysis of the left ventricle 
of the mice of the IM + PBS group showed a high presence of lesional 
tissue events produced by the experimental surgery, including the 
presence of hyalinization, cicatricial scarring due to cell death and the 
presence of calcification. This finding suggests a possible exacerbation 
of the immune response to the damaging event, leading to impairment 
of the heart pump’s ability to function. Studies demonstrate [26,27] a 
correlation between cardiac dysfunction indexes and functional tests, 
corroborating those found in our study.

Controversial result was visualized in the left ventricle of control 
mice, and 1 animal presented a calcification process due to surgical 
manipulation. These findings were also reported in the right ventricle, 
which presented alterations related to calcification (2 animals), endocardial 
thickening and thinning of the wall in this group (control group).

The experimental model in mice also allows right ventricular 
evaluation, since one of the main features of myocardial infarction 
is related to the fact that cell death triggers an adaptive process in 
non-infarcted tissue in the adjacent and distant regions of the scar 
[28]. In the right ventricle, hypertrophy correlated with elevations in 
left ventricular end-diastolic pressure and right ventricular systolic 
pressure [25,29] may also occur, up to 30% [30]. In our study, 
we observed alterations in 9% of the mice related to endocardial 
thickening and 27% related to thinning of the right ventricular wall. 
Another aspect that should be considered is that, in animals with large 
infarcts, non-infarcted areas of the left ventricle and right ventricle 

Figure 7. Morphological aspect of the lungs of Sham group mice after 30 days of 
myocardial infarction induction surgery. (A) representative image of the lung tissue 
presenting preserved bronchial structures and absence of congestion. (B) Parenchyma 
showing distention of alveolar spaces and (*) presence of perivascular and peribronchial 
cell accumulation areas interpreted as an inflammatory infiltrate.

Figure 8. Morphological aspect of the lungs of control group mice after 30 days of 
myocardial infarction induction surgery. (A) representative image of the lung tissue 
presenting preserved bronchial structures and absence of congestion. (B) Parenchyma 
showing distention of alveolar spaces and (*) presence of perivascular and peribronchial 
cell accumulation areas interpreted as an inflammatory infiltrate.
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exhibit increased mRNA expression for pre-collagen type I and III 
[31], which may result in collagen accumulation progressive. Thus, 
large infarctions often accompany different degrees of fibrosis in non-
infarcted areas [8,32]. The event of hyalinization analyzed in the right 
ventricle by anatomopathological evaluation in our study observed in 
9% of the mice of the IM + PBS group and in none of the animals in 
the Control group.

Finally, pulmonary alterations in anatomopathological analysis 
demonstrated in our study, due to the surgical manipulation. This 
observation concluded from the results concerning the congestion 
and inflammatory infiltrate in the animals that underwent the surgical 
procedure in which the left coronary artery was not obstructed 
(Control group). In spite of the care related to the mobilization of the 
animal throughout the procedure, the experimental model itself is 
extremely invasive for the animal and even without the obstruction of 
the artery and induction of the infarction, a high inflammatory process 
and fibrosis production occurs in the attempt of tissue repair. However, 
our results allow us to conclude that the infarct model resulting from 
left coronary artery ligation is a good experimental model of infarction 
induction.
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