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Cryo-infarction: a method of choice for the establishment of a
rat model of myocardial infarction
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Ligation of the left anterior descending (LAD) coronary artery is a widely used method for in-

ducing myocardial infarction (MI) in experimental models; however, it is associated with sub-
stantial limitations, including high mortality rates, excessive bleeding and variability in infarct
size. Cryo-infarction has emerged as a promising alternative that may overcome these challenges
by providing improved survival and reproducibility. In the present study, we aimed to refine the
cryo-infarction method as a reliable and practical rat model for MI. Adult male Wistar rats un-
derwent open-chest surgery under mechanical ventilation, followed by either LAD ligation or
cryo-induced infarction. Model validation was performed using TTC (2,3,5-triphenyltetrazoli-
um chloride) staining and immunofluorescence analysis, serum troponin I measurement, and
electrocardiography assessment. Infarct severity was further evaluated by echocardiography, he-
matoxylin, and eosin staining, and Masson's trichrome staining. Our findings demonstrate that
cryo-infarction provides several advantages over conventional ligation, including simplicity, re-
producibility, and reduced mortality. These results highlight the potential of cryo-infarction as a
standard approach for developing robust animal models, benefiting both basic and translational
cardiovascular research.
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Introduction [N
Myocardial infarction, commonly referred to

as a heart attack, is acute ischemia condi-

tion that results in irreversible damage to cardiac mus-
cle tissue. This is commonly caused by blood clots that
obstruct a coronary artery [1][2]. The clot formation
or thrombosis that triggers myocardial infarction may
arise from disrupted endothelial function, platelet
activation, or coagulation factor imbalances, among
other factors. The resulting ischemic injury to cardio-
myocytes leads to cardiac dysfunction and potential
complications such as arrhythmias, heart failure, or
sudden cardiac death [3][4]. Researchers often seek to
replicate myocardial infarction in laboratory animals
to study its causes and explore therapeutic interven-
tions. To study the process of the disease in detail, an-
imal models have played a very important role in lab-
oratory investigations for many decades [5]. Among
available laboratory species, rats are widely used due
to their cost-effectiveness, ease of handling, and ge-
netic similarities to humans. These animals have
helped researchers to create MI models and develop
many novel therapeutic methods [6]. A variety of ap-
proaches have been developed to induce MI model
and the success rate of the investigators depends on
each method. The common procedures for the MI
induction include: permanent ligation (PL), chemi-
cal methods (isoproterenol-induced MI model), and
cryoinjury. Additionally, the high-fat diet method is
used to study the pathology of coronary artery diseas-
es (CADs) in animals. This approach involves feeding
experimental animals with cholesterol-rich foods for
a relatively long time, inducing hyperlipidemia, ath-
erosclerosis (AS), and sclerotic plaques, resulting in
stenosis in blood vessels and myocardial ischemia.
Although animal models created with a high-fat diet
closely mimic the natural progression of human CAD
patients, this approach is labor-intensive and presents
challenges in precisely controlling myocardial isch-
emia [6]. Rats are frequently selected for CAD studies
because they are easy to maintain, have high survival

CAD: Coronary artery disease
EF: Ejection fraction

ECG: Electrocardiography

FS: Fractional shortening
ISO: Isoproterenol

LAD: Left anterior descending
LDL: Low-density lipoprotein
LV: Left ventricle

MI: Myocardial infarction

PL: Permanent ligation

ROS: Reactive oxygen species
TBS: Tris-buffered saline
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rates, and are inexpensive to keep. However, the ab-
sence of a gallbladder and a natural resistance to spon-
taneous anti-AS formation limit their suitability as
ideal CAD models. This character makes it difficult to
induce AS lesions by a high-fat diet alone. Therefore,
most researchers prefer to use a combination of drugs
and/or injury to form AS lesions. Although the mor-
phology of AS lesions and plaque rupture positions
in rats are similar to those in humans, the underlying
pathogenesis still differs from that observed in human
CAD [6][7]. Pharmacological induction is relatively
simple and usually uses abdominal, caudal, or sublin-
gual vein injection of pituitrin or isoproterenol (ISO),
which can result in short-term MI. The isoprotere-
nol-induced acute myocardial infarction (AMI) mod-
el is a widely used and well-established non-surgical
approach in rats. ISO is a chemical compound that
produces extensive necrosis in the ventricular sub-
endocardial region and interventricular septum. This
model offers several advantages over surgical models,
including low mortality rate, technical simplicity, and
absence of post-surgical infections. Rats are common-
ly preferred for this model, but several other species,
like mice and rabbits, are also reported to be used. The
ISO-induced MI model is widely used in assessing the
cardio-protective activity of natural as well as synthet-
ic compounds [6][8]. However, this model is unsuit-
able for investigating autolysis recanalization in clin-
ical settings. In the PL technique, an anesthetized rat
undergoes left thoracotomy followed by LAD occlu-
sion. This method requires surgical left thoracotomy
in anesthetized rats, where the LAD is ligated [9][10].
LAD ligation induces complete ischemia, leading to
irreversible oxygen deprivation, significant Area at
risk (AAR) infarction, and permanent scar formation.
This scar tissue is susceptible to pathological remodel-
ing, ultimately contributing to the progression of heart
failure. Furthermore, the anatomical site of coronary
occlusion significantly influences the infarction ex-
tent, with proximal ligations producing larger infarcts
than distal occlusions; occlusion closer to the heart’s
base results in a larger and more severe injury. The
PL technique typically produces extensive myocardial
damage, with infarcts generally encompassing 30-40%
of the total myocardial area [6][11]. A major advan-
tage of employing the PL method is that it results in a
substantial infarction, leading to clearer distinctions
in cardiac function between sham-operated and MI
animals [12]. The surgical ligation model is a widely
used method for inducing AMI by ligating different
regions of the coronary artery, with the LAD coronary
artery ligation being the most common. This method
was first introduced by Johns and Olson in 1954 and
has since been adapted for use in both small and large
animal species. Mice and rats are commonly employed
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in laboratory settings for surgical ligation due to their
numerous benefits compared to larger animals. The
main limitations of LAD model are high mortality
rate, post-surgical infection, variation in infarct size
from 4-59%, requirement of expert hands, and an arti-
ficial ventilator. Performing this technique on mice is
challenging and necessitates advanced surgical profi-
ciency with microsurgical techniques. Complications
can arise due to tissue damage, high perioperative
mortality rates, intraoperative bleeding, lung damage
or collapse, ligation errors, or inadequate ventilation.
Cryoinjury represents an alternative method for in-
ducing permanent myocardial injury. In this model,
a pre-cooled rod at -196°C is applied to the heart, for
multiple times, to cause injury. Cryoinjury leads to
progressive structural reorganization and volumetric
expansion of the left ventricular chamber [12]. The
cryoinjury technique models myocardial infarction
through controlled focal freezing of cardiac tissue.
The cryo-infarction technique has been explored as a
viable method for inducing MI in experimental mod-
els. The cryoinjury model produces well-defined myo-
cardial damage characterized by histological features
typical of infarction, including coagulation necrosis,
hemorrhagic regions, inflammatory responses, and
subsequent tissue repair with scar formation. This
pathological progression ultimately results in heart
failure, closely mimicking the outcomes observed in
LAD ligation models, while providing a valuable al-
ternative for investigating cardiac injury. Compared
to surgical occlusion techniques, the cryodamage
approach demonstrates superior technical simplicity
and experimental reproducibility, as it eliminates the
need for intricate vascular interventions [4]. In the
present study, we propose that cryoinjury provides an
optimal balance between reproducibility and phys-
iological relevance for modeling MI and associated
immune responses in rats. To our knowledge, no pre-
vious study has systematically compared cryoinjury
with established MI induction methods.

Results N

Cryo-induced myocardial infarction produces
localized necrosis comparable to LAD ligation

The cryo method successfully induced myocar-
dial infarction in rats. Post-procedure, a bright white
and sunken region was observed at the site of cryo-in-
jury, confirming the induction of localized infarction.
Notably, this color change closely resembled the pale
necrotic regions typically observed in LAD-ligation
models, indicating a comparable loss of tissue viabil-
ity. Quantitative analysis using TTC-stained sections
revealed an infarct size of 12.52% in cryo-MI hearts
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(Figure 1A, B).

Figure 1.

Cryo-induced myocardial infarction shows pale necrotic regions
compared to uniform red tissue in sham hearts. (A) The top row
shows cryo-induced myocardial infarction, characterized by pale
regions indicating infarcted tissue, while the bottom row rep-
resents the sham group with uniformly red myocardium, consis-
tent with viable tissue. (B) Higher magnification of representative
TTC-stained heart sections from sham (left) and cryo-MI (right)
groups, 24 h post-surgery. The infarcted area in the cryo-MI sam-
ple was quantified as 12.52% using Image] software. Scale bar =
0.5 cm.

Cryo-induced myocardial infarction is associ-
ated with increased apoptosis and macrophage
infiltration compared to sham

Immunofluorescence analysis revealed an in-
creased accumulation of caspase-3 positive cells and
expression of the macrophage marker CD68, in cryo-
MI hearts compared to sham operated controls, indi-
cating enhanced apoptosis and macrophage infiltra-
tion (Figures 2, 3). Quantitative analysis confirmed
significant differences between groups (p < 0.001 for
caspase-3; and p < 0.01 for CD68).

Cryo-induced myocardial infarction exhibits
higher early survival than LAD ligation

Qualitative troponin testing was positive in all an-
imals subjected to cryo-MI and LAD-MI procedures,
whereas sham operated rats consistently tested nega-
tive. Survival analysis revealed a marked difference in
early mortality between the two surgical approaches.
Within the first 24 h post-surgery, 28 of 95 rats in the
cryo-MI group died, corresponding to a survival rate
of 70.59%. In contrast, 64 out of 102 rats in the LAD-
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Figure 2.

Immunofluorescence detection and quantification of caspase-3 positive cells in sham and cryo-MI hearts. (A) Immunofluorescence
staining of caspase 3 positive cells in sham and cryo-MI groups. Caspase-3 positive cells appear green, and nuclei are counterstained
with DAPI (blue). Merged images show colocalization. Scale bar represents 100 um. (B) Quantification was expressed as the percent-
age of caspase-3 positive cells relative to total nuclei. Quantitative analysis reveals a significant increase in caspase-3 expression in the
cryo-MI group compared to sham (p < 0.001) (48 h after MI).
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Figure 3.
Increased CD68* macrophage infiltration in cryo-induced myocardial infarction compared to sham controls. (A) Immunofluores-
cence staining of CD68* macrophages in sham and cryo-MI groups. CD68* cells are shown in green, and nuclei are counterstained
with DAPI (blue). Merged images illustrate macrophage localization within cardiac tissue. (B) Quantification was expressed as the

percentage of CD68* cells relative to total nuclei. Bar graph showing a significant increase in CD68* macrophage infiltration in the
cryo-MI group compared to sham controls (p < 0.01) (48 h after MI). Scale bar represents 100 pm.
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MI group died during the same period, resulting in a
substantially lower survival rate of 38.76% (Table 1),
indicating higher early mortality in LAD-MI.

Cryo- and LAD-induced myocardial infarction
cause ST-segment elevation and rhythm alter-
ations

ECG recordings demonstrated pronounced
ST-segment elevation in both cryo-MI and LAD-
MI groups compared with sham controls (Figure 4).
LAD-MI produced severe rhythm disturbances and
high-amplitude changes, whereas cryo-MI exhibited
abnormal but less pronounced alterations, consistent
with localized myocardial damage.

Table 1.
Survival ration of surgical procedures.
Number of Survival
Type of Total num- surviving percentage of
surgery berofrats rats24hafter rats24h after
surgery surgery
Cryo 95 67 70.52
LAD 102 38 38.76
A
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Cryo- and LAD-induced myocardial infarction
cause persistent decline in cardiac function

Serial echocardiography demonstrated significant
reductions in fractional shortening (FS) and ejection
fraction (EF) in both cryo-MI and LAD-MI groups
compared with sham controls (Figure 5 A, B). Both
MI models exhibited a sharp decline in FS and EF as
early as day 1 post-surgery, followed by partial func-
tional recovery by day 28 and persistent dysfunction
through day 55. In contrast, sham-operated animals
maintained stable FS and EF values throughout the
study, indicating that cryo- and LAD-induced infarc-
tion result in sustained impairment of cardiac con-
tractility.

Cryo-induced MI causes greater fibrotic remod-
eling than LAD ligation

Histological analysis revealed normal myocardial
architecture, characterized by intact cardiomyocytes
and preserved tissue organization in sham hearts
(Figure 61, 61I). In contrast, LAD-MI hearts at day 7
post-infarction, exhibited severe pathological alter-
ations, including interstitial edema, mixed inflamma-
tory infiltrates within the pericardium, cardiomyocyte

JUITE S SRR N e S N R S A

Figure 4.

Representative ECG  wave-
forms in sham and MI models
of myocardial infarction.

(A) Normal ECG pattern from
sham-operated rats. (B) ECG
waveform following LAD-in-
duced myocardial infarctionin
two rats, showing marked al-
terations in rhythm and am-
plitude. (C) ECG waveform
following cryo-induced myo-
cardial infarction in two rats,
demonstrating distinct chang-
es compared to sham controls.
Compared to sham, LAD liga-
tion produces severe rhythm
disturbances and high-ampli-
tude changes, while cryo-in-
duced MI shows abnormal but
less pronounced alterations,
reflecting localized rather than
extensive damage.
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Figure 5.

Longitudinal decline in fractional
shortening and ejection fraction after
myocardial infarction. (A) FS was mea-
sured at baseline (pre-surgery), day 1,
day 28, and day 55 post-procedure in
sham (n = 5), LAD-MI (n = 3), and
cryo-MI (n = 3) groups. Both LAD-MI
and cryo-MI models exhibited a sharp
reduction in FS by day 1, followed by
partial recovery at day 28 and sustained
impairment through day 55, whereas
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sham animals maintained stable FS
values throughout. (B) EF was mea-

N e —
60

sured at baseline (pre-surgery), day 1,
day 28, and day 55 post-procedure in

sham (n = 4), LAD-MI (n = 3), and

]

50 \\\T e ———
~—

a0

. AN cryo-MI (n = 3) groups. Both LAD-MI

and cryo-MI models exhibited a sharp

Percentage

—CRYOM
reduction in EF by day 1, followed by

30

20 -

10

e LADMI minimal recovery at day 28 and per-
sistent dysfunction through day 55,
whereas sham animals maintained

near-normal EF values throughout.

Before Surgary Day 1 Day 28 Day 55

degeneration and necrosis, and hemorrhagic necrosis
localized to the infarct border zone (Figure 6IIIA-F).
In comparison, cryo-MI hearts at the same time point
displayed focal necrosis accompanied by mixed in-
flammatory cell infiltration, interstitial edema, and eo-
sinophilic changes confined to the cryo-injured region
(Figure 6IVA-D). By day 55, chronic remodeling was
evident in both models. LAD-MI hearts demonstrated
granulation tissue formation, fibroblast proliferation,
and early collagen deposition, along with pericardi-
al thickening and fibrosis (Figure 7A-E). In contrast,
cryo-MI hearts developed large, pale, homogeneous
regions composed of acellular, densely collagenous
scar tissue replacing functional myocardium, with
adjacent hypertrophied cardiomyocytes indicative
of compensatory remodeling (Figure 8). Masson’s
trichrome staining at day 56 confirmed extensive fi-
brotic replacement and pronounced ventricular wall
thinning in cryo-MI hearts, whereas LAD-MI hearts
exhibited localized collagen deposition restricted to
the infarct zone, with relative preservation of overall
chamber geometry (Figure 9). Quantitative analysis
demonstrated significantly greater collagen deposi-
tion in cryo-MI hearts (10.99%) compared to LAD-
MI hearts (6.19%), highlighting the more pronounced

fibrotic remodeling associated with cryo-induced in-
farction.

Discussion NN

This study aimed to further investigate the
cryo-infarction technique as a reliable approach for
establishing a MI model in rats and to compare its out-
comes with those obtained using the LAD coronary
artery ligation method. Cryoinjury and LAD ligation
are among the most commonly employed techniques
for inducing MI in rodent models. Cryoinjury relies
on the controlled application of subzero tempera-
tures using a cryoprobe, resulting in localized necrosis
through ice crystal formation and cellular disruption.
A key advantage of this approach is the ability to pre-
cisely target specific myocardial regions and generate
highly reproducible infarcts by adjusting probe tem-
perature and contact duration. In contrast, LAD liga-
tion induces MI through occlusion of the left anterior
descending coronary artery, a major vessel supplying
oxygenated blood to the myocardium, thereby pro-
ducing ischemia that leads to extensive infarction, and
closely resembles clinical coronary occlusion [13][14].
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Figure 6.
Histopathological changes in sham, LAD-MI, and cryo-MI hearts. (I, II) Sham group shows normal myocardial architecture with intact cardiomyocytes and preserved tissue organization
(400x, scale bar represents 50 pm). III (A-F) LAD-MI hearts at day 7 exhibit severe pathological changes, including interstitial edema, pericardial mixed inflammatory infiltrates, cardiomyo-
cyte degeneration and necrosis, hemorrhagic necrosis, and co-localization of necrosis with inflammation and edema (100X, scale bar represents 200 um-400x, scale bar represents 50 pm). (A)
Interstitial edema with widened intramuscular spaces (arrow; H&E, 400x, scale bar represents 50 um). (B) Pericardial mixed inflammatory infiltrate (arrows; H&E, 100x, scale bar represents
200 pum). (C, D) Cardiomyocyte degeneration and necrosis with mononuclear cell infiltration (arrows; H&E, 400X, scale bar represents 50 um). (E) Co-localization of myocyte necrosis (black
arrow), inflammatory infiltrate (blue arrow), and interstitial edema (stars; H&E, 400x, scale bar represents 50 pm). (F) Hemorrhagic necrosis showing degenerated cardiomyocytes (yellow
arrow), hemorrhage (black arrow), inflammation (blue arrow), and edema (star; H&E, 400x). All images represent characteristic findings from the infarct border zone. IV (A-D) Cryo-MI
hearts at day 7 display focal necrosis with mixed inflammatory cell infiltration, interstitial edema, and eosinophilic changes in the cryoinjured region (100X, scale bar represents 200 um-400x,
scale bar represents 50 um). (A, B) Necrotic cardiomyocytes with mixed inflammatory infiltrate (mononuclear and polymorphonuclear leukocytes, arrows; H&E, 100X, scale bar represents
200 pum). (C) High-magnification view of necrotic myocardium with leukocyte infiltration (H&E, 400X, scale bar represents 50 um). (D) Pericardial mixed inflammatory cell infiltration (H&E,
400, scale bar represents 50 um). All sections show characteristic interstitial edema and eosinophilic changes in the cryoinjured region.
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Figure 7.

Chronic histopathological changes in LAD-myocardial infarction at day 55.

(A-C) Cardiomyocyte necrosis with granulocyte and mononuclear cell infiltration, accompanied by granulation tissue formation, fi-
broblast proliferation, and early collagen deposition (100x- scale bar represents 200 pm, 400x-scale bar represents 50 um). (D) Mixed
inflammatory cell infiltration in the pericardium (arrows; 400X, scale bar represents 50 um). (E) Thickened, fibrotic pericardium with
dense inflammatory infiltrate (400x, scale bar represents 50 pm).

Figure 8.

Chronic structural remodeling in cryo-induced myocardial infarction at day 55. (A) Large, pale, homogeneous re-
gion representing an acellular, densely collagenous scar replacing functional myocardium. (B) Adjacent viable myo-
cardium exhibiting hypertrophied cardiomyocytes, indicative of compensatory remodeling under increased hemo-
dynamic load (400, scale bar represents 50 ptm).
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Figure 9.
Fibrotic remodeling at 56 days post-myocardial infarction, visualized using Masson’s trichrome staining. (A) Sham group: No de-
tectable collagen deposition (blue), indicating preserved myocardial architecture. (B) Cryo-MI group: Extensive fibrotic replacement
(blue) accompanied by marked ventricular wall thinning. (C) LAD-MI group: Prominent collagen deposition (blue) localized to
the infarct zone, consistent with scar formation. Cryo-MI hearts exhibit extensive, transmural fibrosis accompanied by pronounced
ventricular wall thinning, whereas LAD-MI hearts show scar formation restricted to the infarct territory, preserving overall chamber
geometry. Magnified view of each experimental group is provided in D-L. (D-F) Sham group: Normal myocardial architecture without
detectable collagen deposition. (G-I) Cryo-MI group: Extensive, transmural fibrotic replacement (blue) accompanied by pronounced
ventricular wall thinning. (J-L) LAD-MI group: Collagen deposition (blue) restricted to the infarct territory, preserving overall ven-
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Each method presents distinct advantages and limita-
tions. LAD ligation is well established and widely ac-
cepted, but it requires advanced microsurgical exper-
tise, stereomicroscopic visualization, and precision
instrumentation. Importantly, infarct size in the LAD
model is highly operator dependent, ranging from
10-45% of the LV in inexperienced hands, while ex-
perienced operators achieve consistent infarcts (~35
+ 5%). Moreover, LAD ligation carries a high risk of
procedural complications, including cardiac perfora-
tion and hemorrhage, contributing to elevated periop-
erative mortality. In the present study, early mortali-
ty was significantly higher in LAD-MI rats (70.59%)
compared to cryo-MI rats (38.76%), underscoring
the safety advantage of cryoinjury [15][12][16]. By
comparison, cryoinjury offers superior control over
infarct localization and size, thereby minimizing vari-
ability and reducing procedural complexity. Impor-
tantly, cryo-MI minimizes bleeding risk and allows
reproducible induction of focal myocardial damage,
making it particularly suitable for studies requiring
localized injury. However, LAD ligation produces
extensive infarctions and severe LV dilation, which
may be advantageous for investigating advanced heart
failure mechanisms. It is also important to recognize
that rodent exhibit compensatory hypertrophy fol-
lowing MI, which often preserves ejection fraction
despite large infarct sizes (>30% LV), a response that
differs from human pathophysiology. This limitation
should be considered when translating findings from
rodent MI models to clinical settings [16][15][12]. In
the present study, MI induction was confirmed by ele-
vated troponin I levels, ECG abnormalities, and echo-
cardiographic evidence of impaired cardiac function,
consistent with Global MI Task Force criteria. Tropo-
nin I, a highly specific biomarker of myocardial injury,
was positive in all cryo-MI and LAD-MI rats, validat-
ing successful infarction. Following myocardial dam-
age, cInl is released into the circulation within 4 to 6
h of injury, and its exceptional tissue specificity and
diagnostic sensitivity has established it as the clinical
gold-standard for MI diagnosis. The rapid troponin I
assay employed in this study utilizes antibody coated
particles and a marker reagent capable of detecting
troponin I in whole blood or serum with a detection
threshold of 1 ng/ml. In healthy rats, FS and EF typi-
cally range between 30-35% and 65-75%, respectively.
However, the post-MI echocardiography analyses in
the present study indicated that both cryo- and LAD-
MI animals exhibited a marked reduction in FS (to 20-
25%) and EF (to approximately 50%), with persistent
dysfunction observed through day 55. Histological
analysis demonstrated acute necrosis and inflamma-
tory infiltration in both models, with cryo-MI hearts
exhibiting focal injury and LAD-MI hearts showing

RESEARCH ARTICLE

extensive hemorrhagic necrosis. Chronic remodeling
differed substantially as Masson’s trichrome staining
revealed greater collagen deposition and transmu-
ral fibrosis in cryo-MI hearts (10.99%) compared to
LAD-MTI hearts (6.19%), accompanied by ventricular
wall thinning and hypertrophy of adjacent myocardi-
um [8][17][18][19][20]. Immunofluorescence anal-
ysis further confirmed these observations, revealing
increased caspase-3 expression and enhanced CD68*
macrophage infiltration in cryo-MI hearts. These
findings indicate robust apoptotic activity and inflam-
matory response. Our results suggest that cryoinjury
induces localized but severe cellular stress, triggering
apoptosis and immune cell recruitment. While such
inflammatory responses may contribute to progres-
sive fibrosis, they also provide a controlled microenvi-
ronment for studying post-MI remodeling processes
and evaluating therapeutic interventions [21][22].
Overall, these data demonstrate that cryoinjury rep-
resents a reproducible, technically less demanding,
and safer alternative to LAD ligation for inducing MI
in rats, particularly when localized infarction and re-
duced mortality are desired. Conversely, LAD ligation
remains the preferred approach for modeling large
infarcts and advanced heart failure studies. Thus, se-
lection of the appropriate MI model should be guided
by experimental objectives, balancing infarct size, re-
producibility, and translational relevance [12][17]. In
summary, although cryoinjury and LAD ligation both
result in comparable long-term LV dysfunction, cryo-
injury offers distinct advantages. This method result-
ed in attenuated remodeling, formation of more com-
pact and uniform scar tissue, and significantly higher
survival rates compared to LAD ligation. Importantly,
cryoinjury scars persist indefinitely, providing a stable
and reproducible platform for investigating scar-re-
gion pathophysiology and long-term remodeling.
Furthermore, cryoinjury consistently generates in-
farcts of uniform size and shape with precise spatial
localization, making it an attractive model for preclin-
ical studies focused on therapeutic interventions and
mechanistic research [23][24][4][12].

Materials & Methods
Ethical approval

This study was conducted in accordance with ethical standards and
received approval from the Ferdowsi University of Mashhad (FUM)
Research Ethics Committee [Approval No: IR UM.REC.1401.269].

Animal subjects

Adult male Wistar rats (250-300 g) were kept under standard con-
ditions (23 + 2°C; a 12-h light/dark cycle) with ad libitum access to
standard food and water. The rats were bred and maintained in the
animal house of FUM. All experimental procedures were conducted
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in accordance with applicable guidelines and regulations, including
the ARRIVE 2.0 guidelines. Fifteen male rats aged 60-90 days were
randomly assigned into three groups: sham operated controls (group
1, n=5), LAD group (group 2, n=5), and Cryo group (group 3, n=5).
During the experiments, the animals were randomly divided into
three groups using Excel software (version 2016).

Prior to anesthesia, body weight and temperature were recorded for
all animals. Anesthesia was induced via injection of ketamine (100
mg/kg; Alfasan 10%) and xylazine (10 mg/kg; Interchemie 2%) mixed
in a 2:1 ratio. Additionally, meloxicam (1 mg/kg; RazakPharma 2%)
was administered intramuscularly as a preemptive analgesic. Ade-
quate depth of anesthesia was confirmed by the absence of the toe-
pinch reflex and was monitored throughout the surgical procedure.
Endotracheal intubation was performed by placing an angiocath
(Vaccess 1.V. Cannula green) in the trachea, with visualization aided
by a flashlight in a darkened room. Mechanical ventilation was per-
formed by connecting the endotracheal tube to the modified Babylog
8000 Drager ventilator (O, Vol=60, insp. Flow V=2 (I/min), Pinsp=30
(mbar), (T1=0.2 s). The aseptic condition was maintained during the
survival surgery. Before surgery, ophthalmic ointment was applied to
prevent corneal desiccation. After the surgery, animals were mon-
itored for body temperature, heart rate, and signs of pain until full
recovery. Rats were removed from ventilator and placed in individual
cages with a heating pad positioned at one end to maintain normo-
thermia. Water was made freely available. Sterile saline (0.5 ml) was
administered subcutaneously following the surgery. Enrofloxacin (10
mg/kg) was administered immediately after the surgery and contin-
ued during recovery [4][25]. Antibiotic injections were given every 12
h and analgesics were administered every 24 h for 3 consecutive days
following surgery [25][26].

Induction of myocardial infarction

Animals were left to reach steady breathing and their chests were
opened at the fourth left intercostal space using surgical scissors.
The space was opened without cutting muscle tissue to minimize
bleeding. Then a chest retractor was placed to maintain exposure.
The pericardium was opened but preserved whenever possible [25]
[27]. The LAD was identified and tied using a 6-0 Prolene (poly-
propylene blue monofilament 209127) suture [28]. In the cryo-MI
group, a cryoprobe consisting of a 3 mm diameter copper rod, was
immersed in liquid nitrogen for two min. After exposure of the heart
and opening of the pericardium, the cryo-infarction was induced by
applying the cryoprobe tip to the anterior wall of the left ventricle for
10 seconds [4]. Sham control animals underwent the same surgical
exposure without LAD ligation or cryo application. After completion
of the procedure, the chest retractor was removed and the ribs were
sutured using 4-0 Prolene (20 mm polyglycolate coated violet) suture.
After closing the ribs, the ventilator output was briefly interrupted
(1-2 seconds) to ensure proper breathing. The skin was closed using
continuous 20 mm 4-0 Prolene sutures [28].

Infarct size measurement

Myocardial infarction size was assessed using 2,3,5-triphenyltetrazoli-
um chloride (TTC) staining. Hearts were rapidly excised, flash-frozen
at -80°C, and transversely sectioned into 2 mm-thick slices. Sections
were incubated in 2% TTC solution at 37°C, for 30 min, followed by
fixation in 10% neutral buffered formalin for 24 h. After rinsing with
saline, the unstained infarcted regions were clearly demarcated from
viable brick-red stained myocardium, enabling precise topographic
documentation of ischemic damage [29][30].

Immuno-histochemistry analysis

Excised tissues were fixed in 10% neutral buffered formalin for 24-72
h, dehydrated through graded ethanol series (70%, 80%, 90%, 100%;
50 min each), cleared in xylene, and embedded in paraffin. Sections
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(5 um thick) were prepared using a Leica RM2135 microtome and
mounted on silanized slides. Antigen retrieval was performed by mi-
crowaving sections in 1x Tris-buffered saline (TBS; Sigma, T5912)
until boiling, followed by incubation for 20 min in the heated solu-
tion. After three washes in phosphat buffer saline (PBS) (5 min each),
sections were permeabilized with 0.3% Triton X-100 (Sigma, T8787)
for 30 min and blocked with 10% goat serum (Sigma, G9023) for 45
min. Primary antibodies against caspase-3 (orb10237) and CD68
(orb388936) were applied at a dilution of 1:100 in PBS and incubated
for 24 h at 2-8°C in a humidified chamber. Sections were washed four
times (5 min each) and incubated with secondary antibodies (CD68:
orb688924, caspase3: orb688925; 1:150 dilution) at 37°C for 1.5 h in
the dark, then washed three times. DAPI (Sigma-D9542) was applied
for 20 min, followed by PBS washing steps. Slides were mounted
with glycerol and PBS and examined using a fluorescent microscope

(Olympus).

Biochemical analysis of troponin in serum

Blood samples were collected 24 h post surgery from the retroorbital
sinus and centrifuged at 3000 x g for 5 min at 4°C. Serum samples
were immediately analyzed for troponin I using the Cardiac Tropo-
nin I Cassette Tape (Vitrotec CTN00-08), a rapid immunochromato-
graphic assay for whole blood or serum. For analysis, 50 pl of serum
was added to the sample, followed by 40 pl of cTnl buffer provided
in the kit. A control line indicated proper test performance and suffi-
cient sample volume.

Hematoxylin-Eosin staining

H&E staining was performed to assess cardiac morphology and
confirm myocardial infarction. Heart tissues were collected at 7 and
55 days post-surgery, fixed in 10% formalin, sectioned at 5 pm, and
stained with hematoxylin and eosin. Necrotic areas were examined
using an Olympus BX-51 microscope equipped with a digital camera.

Electrocardiography and echocardiography

On day 7, rats underwent ECG recording under anesthesia (ketamine
75 mg/kg, xylazine 10 mg/kg) using the PowerLab Electrophysio-
logical System (ML11, ADInstruments, Australia). Electrodes were
placed on the right and left forelimbs. FS, and EF were assessed as
indicators of left ventricular function. FS reflects the percentage re-
duction in ventricular diameter during systole, while EF represents
the proportion of blood ejected from the left ventricle per heartbeat,
calculated as:

EF="Stroke Volume" /"End-Diastolic Volume" x100

Normal EF in rats ranges from 65-75%, with reductions indicat-
ing impaired cardiac performance [31]. Echocardiography (MyLab
30Gold VET, 8-10 MHz transducer) was performed after chest hair
removal one day before surgery and on days 1, 28, and 55 post-sur-
gery to monitor cardiac performance on anesthetized rats.

Masson’s trichrome staining for collagen detec-
tion

Massons trichrome staining was used to evaluate collagen deposition
in cardiac tissue. In this method, collagen fibers appear blue, nuclei
black, and cytoplasmic components red. Heart tissues were harvested
55 days post-surgery, fixed in 10% neutral buffered formalin for 24 h,
and embedded in paraffin. Serial sections (5 pm) were prepared from

regions of interest using a microtome. Images were captured using an
OLYMPUS stereomicroscope (SZH-ILLK, Japan) [32][33].

Statistical analysis

Quantification of caspase-3 and CD68 expression was performed us-
ing Image] software. Statistical analyses were conducted using Graph-
Pad Prism 10.3. Analyses included both sham and cryo-MI groups.
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