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Large animal models have provided much of the de-
scriptive data regarding the cellular and molecular
events in myocardial infarction and repair. The avail-
ability of genetically altered mice may provide a valu-
able tool for specific cellular and molecular dissection
of these processes. In this report we compare closed
chest models of canine and mouse infarction/reper-
fusion qualitatively and quantitatively for temporal,
cellular, and spatial differences. Much like the canine
model, reperfused mouse hearts are associated with
marked induction of endothelial adhesion molecules,
cytokines, and chemokines. Reperfused mouse in-
farcts show accelerated replacement of cardiomyo-
cytes by granulation tissue leading to a thin mature
scar at 14 days, when the canine infarction is still
cellular and evolving. Infarcted mouse hearts demon-
strate a robust but transient postreperfusion inflam-
matory reaction, associated with a rapid up-regula-
tion of interleukin-10 and transforming growth
factor-�. Unlike canine infarcts, infarcted mouse
hearts show only transient macrophage infiltration
and no significant mast cell accumulation. In correla-
tion, the growth factor for macrophages, M-CSF,
shows modest and transient up-regulation in the
early days of reperfusion; and the obligate growth
factor for mast cells, stem cell factor, SCF, is not
induced. In summary, the postinfarction inflamma-
tory response and resultant repair in the mouse heart
shares many common characteristics with large
mammalian species, but has distinct temporal and
qualitative features. These important species-specific
differences should be considered when interpreting
findings derived from studies using genetically al-
tered mice. (Am J Pathol 2004, 164:665–677)

For almost a century, experimental models of myocardial
infarction have contributed to our understanding of the
pathobiology of myocardial infarction. Large animal mod-
els have been extensively used to study the mechanisms
involved in myocardial injury and repair1,2 and have sig-
nificantly contributed to our understanding of the patho-
logical process of myocardial infarction. However, large
animal studies have significant limitations in investigating
the functional role of specific genes in myocardial isch-
emia. Recent advances in transgenic and gene targeting
approaches have allowed sophisticated manipulations of
genes whose functions may be important in injury and
repair following myocardial infarction.3 Because of tech-
nical and economic considerations, these experiments
are largely confined to the mouse.4,5 To capitalize on
these advances in gene targeting technology murine
models of experimental myocardial infarction have been
developed6,7 and have been extensively used to dissect
the mechanisms involved in ischemic myocardial inju-
ry.8–10 However, extrapolation of the findings derived
from murine experiments to the human pathobiology re-
quires similar disease mechanisms in both species. De-
spite the widespread use of murine models of myocardial
infarction, detailed studies of the cellular and molecular
events associated with repair of the mouse infarction are
lacking.

This study examines the pathological features of myo-
cardial infarction in mice, and compares the sequence of
cellular and molecular events noted following murine cor-
onary occlusion and reperfusion with the characteristics
of reperfused infarcts in an established canine model.
Both canine and murine infarcts exhibit a robust inflam-
matory response associated with induction of chemo-
kines, cytokines and adhesion molecules. In comparison
with higher mammals, mice show a more rapid and tran-
sient response and do not demonstrate up-regulation of
growth factors supporting sustained survival of inflamma-
tory leukocytes.
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Materials and Methods

Ischemia-Reperfusion Protocols

Murine Model

Male and female wild-type C57BL/6 mice (Harlan
Sprague-Dawley, Houston, TX), 8 to 12 weeks of age
(18.0–22.0 g body weight) were anesthetized by an in-
traperitoneal injection of sodium pentobarbital (60 �g/g).
A closed-chest mouse model of myocardial ischemia-
reperfusion was used as previously described,7 to avoid
the confounding effects of surgical trauma and inflamma-
tion, which may influence the baseline levels of chemo-
kines and cytokines. Briefly, after thoracotomy, the peri-
cardium was dissected and an 8–0 Prolene suture
(Ethicon, Sommerville, NJ) with the U-shaped tapered
needle was passed under the left anterior descending
(LAD) coronary artery. The needle was then cut from the
suture, and the two ends of the 8–0 suture were then
threaded through a 0.5-mm piece of PE-10 tubing (Bec-
ton Dickinson, Sparks, MD), forming a loose snare
around the LAD. The PE-10 tubing was previously soaked
for 24 hours in 100% ethanol. Each end of the suture was

then threaded through the end of a size 3 Kalt suture
needle (Fine Science Tools, Foster City, CA), and exteri-
orized through each side of the chest wall. The chest was
closed with 3 interrupted stitches using 6–0 Prolene,
carefully avoiding pneumothorax, and the animal was
removed from the respirator. The ends of the exteriorized
8–0 suture were tucked under the skin, which was then
also closed with 6–0 Prolene. The endotracheal tube was
withdrawn, and the animal was kept warm with a heat
lamp and allowed to breathe 100% oxygen via nasal
cone until full recovery of consciousness.

Seven to ten days postinstrumentation, the animals
were anesthetized with 1.5% MAC isoflurane in 1 l/min
oxygen flow under spontaneous breathing. The extremi-
ties were taped to a lead II electrocardiogram (ECG)
board to measure S-T elevations during the I/R protocol.
The skin above the chest wall was then re-opened. The
8–0 suture, which had been previously exteriorized out-
side the chest wall and placed under the skin, was
cleared of all debris from the skin and chest, and care-
fully taped to heavy metal picks. Occlusion of the LAD
was accomplished by gently pulling the heavy metal
picks apart until an S-T elevation appeared on the ECG.

Figure 1. Progression of the healing process in reperfused canine (A–D) and murine (E–H) myocardial infarcts. Both canine (A) and murine (E) infarcts exhibit
marked leukocyte infiltration after 24 hours of reperfusion. After 72 hours of reperfusion, dog infarcts show interstitial infiltration with inflammatory cells and
fibroblasts (B) without significant cardiomyocyte replacement. In contrast, at the same time point, mouse infarcts show extensive cardiomyocyte replacement with
granulation tissue (F). After 7 days of reperfusion the canine infarct is a highly cellular environment, whereas mouse infarcts exhibit areas of thinning. After 14
days of reperfusion the canine infarct still has a high cellular content (D). In contrast, the murine infarct shows thinned areas and large vascular structures (H).
All sections are stained with hematoxylin and eosin (magnification, �100).
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The ECG was constantly monitored throughout the entire
ischemic interval to ensure persistent ischemia. After 1
hour of coronary occlusion, reperfusion was accom-
plished by pushing the metal picks toward the animal,

cutting the suture close to the chest wall, and removing it
completely. Subsequently, the skin was closed with a
6–0 Prolene and the animals were kept in the vivarium
until the end of the reperfusion interval. At the end of the
experiment, mice were anesthetized with sodium pento-
barbital overdose the chest was opened and the heart
was immediately excised, fixed in Z-fix (Anatech Ltd.,
Battle Creek, MI) and embedded in paraffin for histolog-
ical studies, or snap frozen and stored at �80°C for RNA
isolation. Sham animals were prepared identically without
undergoing myocardial infarction protocols. Animals
used for histology underwent 6-hour, 24-hour, 72-hour,
7-day, and 14-day reperfusion protocols (8 animals per
group). To identify mast cells in the murine heart, addi-
tional animals underwent 3, 5, 7 and 14 days of reperfu-
sion (5 animals per group) and were fixed in Carnoy’s to
ensure detection of the formalin sensitive mast cell pop-
ulation. Mice used for RNA extraction underwent 3 hours,
6 hours, 24 hours, 72 hours, and 7 days of reperfusion (8
animals per group).

Canine Model

An established protocol of canine circumflex coronary
occlusion/reperfusion was used.11,12 Healthy dogs were
instrumented with a hydraulic occluder and underwent 1
hour of coronary occlusion, followed by 24 hours, 72
hours, 5 days, and 7 days of reperfusion (5 animals per
group). After the reperfusion periods, hearts were
stopped by the rapid intravenous infusion of 30 mEq of
KCl and removed from the chest for sectioning from apex
to base into four transverse rings �1 cm in thickness.

Figure 2. Neutrophil immunohistochemistry in reperfused canine (A–C) and mouse (D–F) infarcts. Dog neutrophils were identified using the monoclonal
anti-canine neutrophil antibody SG8H6 and mouse neutrophils were labeled with a rat anti-mouse neutrophil antibody. Canine neutrophils rapidly infiltrate the
infarct after 24 hours of reperfusion (A), but their number decreases significantly after 72 hours of reperfusion (B). Few neutrophils are found in dog infarcts after
7 days of reperfusion (C, arrows). A large pericyte-poor vessel is noted (arrowhead), containing three intravascular neutrophils. A similar time course is noted
in mouse infarcts: abundant neutrophils are found in the infarct after 24 hours of reperfusion (D), but decrease significantly after 72 hours (E). Neutrophils are
rare in mouse infarcts after 7 days of reperfusion (F, arrows). Counterstained with eosin (magnification, �400).

Figure 3. Quantitative analysis of neutrophil density in reperfused murine (A)
and canine infarcts (B). Neutrophil infiltration in both mouse and dog infarcts is
robust but transient, decreasing after 3 days of reperfusion. Neutrophil density in
infarcts after 7 days of reperfusion is very low. ***, P � 0.001, **, P � 0.01.
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Tissue samples were isolated from infarcted or normally
perfused myocardium based on visual inspection. Myo-
cardial segments were fixed in B*513 or Carnoy’s fixative
for histological analysis.

Immunohistochemistry and Histology

Samples from mouse myocardium were fixed in zinc-
formalin (Z-fix; Anatech, Battle Creek, MI), and embed-
ded in paraffin. Sections were cut at 3 �m and stained
immunohistochemically with the following antibodies:
monoclonal anti-� smooth muscle actin (�-SMA) antibody
(Sigma, St. Louis, MO), rat anti-mouse neutrophil anti-
body (Serotec, Oxford, UK), rat anti-mouse macrophage
antibody F4/80 (Research Diagnostics Inc, Flanders,
NJ),14 and rat anti-mouse CD31 antibody (PharMingen,
San Diego, CA).15 Staining was performed using a per-
oxidase-based technique with the Vectastain ELITE rat kit
(Vector Laboratories, Burlingame, CA) and developed
with diaminobenzidine (DAB)�nickel (Vector Laborato-
ries). The Mouse on Mouse (MOM) kit (Vector Laborato-
ries) was used for �-SMA immunohistochemistry. For
CD31 staining, sections were pretreated with trypsin and
staining was performed using the tyramide signal ampli-
fication (TSA) kit (Perkin Elmer, Boston, MA) as previously
described.16 Slides were counterstained with eosin and
examined in a Zeiss microscope equipped with a Leaf
Lumina digital camera. To identify mast cells additional
mouse hearts were fixed in Carnoy’s and the sections
were stained with toluidine blue as previously de-
scribed.14,17

Canine samples were fixed in B*5 fixative and sections
were stained with the following antibodies: monoclonal
anti-� smooth muscle actin antibody (Sigma),18 monoclo-
nal anti-canine neutrophil antibody SG8H619 (a gift from
Dr. C. W. Smith, Baylor College of Medicine), and mouse
anti-human CD31 antibody (Dako, Carpinteria, CA).20 To
identify macrophages, we used immunohistochemical
staining with the mouse anti-human macrophage anti-
body PM-2K (Biogenesis, Kingston, NH), which cross-
reacts with canine species21 and detects infarct macro-
phages as we have previously demonstrated.22 Staining
of canine tissue was performed using a peroxidase-
based technique with the Vectastain ELITE mouse kit
(Vector Laboratories) and developed with DAB�nickel
(Vector Laboratories) Canine cardiac mast cells were
identified using toluidine blue staining as previously de-
scribed.17

Quantitative analysis of mast cell density was per-
formed by counting the number of toluidine blue positive
mast cells in control and infarct areas. Macrophage
quantitation was performed by counting the number of
F4/80 positive cells in mice and PM-2K positive cells in
dogs. Neutrophil quantitation was performed by counting
the number of neutrophils identified in canine and murine
hearts using the specific anti-neutrophil antibodies. Mast
cell, neutrophil and macrophage density was expressed
as cells/mm2. Microvascular density was assessed by
counting the number of CD31-positive microvascular pro-
files in infarcted and noninfarcted myocardium. �-SMA
stained area was quantitated as a percentage of the
total area of infarcted or control myocardium using

Figure 4. Macrophage identification in reperfused canine (A–C) and mouse infarcts (D–F) using the monoclonal antibodies PM-2K (for the dog), and F4/80 (for
the mouse). Canine macrophages progressively accumulate in the infarct after 24 hours (A, arrows) to 72 hours (B) of reperfusion, peaking after 7 days of
reperfusion (C). In contrast, murine macrophages peak after 24 hours of reperfusion (D), remain abundant after 72 hours (E) and decrease significantly after 7
days of reperfusion (F, arrows). Sections counterstained with eosin (magnification, �400).
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Image Pro software (Media Cybernetics Inc., Silver
Spring, MD).

RNA Extraction

All solutions for RNA analysis were treated with 0.1%
diethylpyrocarbonate and sterilized or prepared in dieth-
ylpyrocarbonate-treated water. Glassware was baked at
240°C for 5 hours to remove trace RNases. Total RNA
was isolated from whole mouse heart according to the
acid-guanidium-thiocyanate-phenol-chloroform. Briefly,
whole hearts were homogenized in RNA STAT-60 solution
(Tel-Test, Friendswood, TX). For RNA extraction, 0.2 vol-
umes of R-chloroform were then added per volume of
homogenate. This mixture was incubated on ice for 15
minutes and then spun at 12,000 � g for 15 minutes at
4°C. The supernatant was transferred to another tube,
and an equal volume of isopropanol was added for RNA
precipitation overnight at 4°C. The tubes were then spun
at 12,000 � g for 15 minutes at 4°C, and the supernatant
was decanted. The pellet was washed twice with 75%
ethanol, briefly dried, and dissolved in 0.1% diethylpyro-
carbonate-treated water. Quantification and purity of
RNA was assessed by A260/A280 UV absorption, and

RNA samples with ratios above 1.9 were used for further
analysis.

Ribonuclease Protection Assay

The mRNA expression level of the chemokines monocyte
chemoattractant protein (MCP)-1, macrophage inflam-
matory protein (MIP)-1�, MIP-1�, MIP-2, and interferon-�
inducible protein (IP)-10, the IP-10 receptor, CXCR3, the
cytokines tumor necrosis factor (TNF)-�, interleukin (IL)-
1�, IL-6, leukemia inhibitory factor (LIF) and IL-10, the
growth factors transforming growth factor (TGF)-�1, 2,
and 3, stem cell factor (SCF), granulocyte macrophage-
colony stimulating factor (GM-CSF) and macrophage-
colony stimulating factor (M-CSF), the adhesion mole-
cules intercellular adhesion molecule (ICAM)-1, CD31/
platelet endothelial cell adhesion molecule (PECAM)-1
and E-selectin, the matricellular protein osteopontin
(OPN)-1, and the cytokine receptors IL-10 receptor (IL-
10R), and GM-CSF receptor was determined using a
ribonuclease protection assay (RiboQuant; PharMingen)
according to the manufacturer’s protocol. Phosphorimag-
ing of the gels was performed (Storm 860; Molecular
Dynamics, Sunnyvale, CA) and signals were quantified
using Image QuaNT software and normalized to the ribo-
somal protein L32 mRNA.

Statistical Analysis

All data are presented as means � SEM. Comparison
between the groups was done using analysis of variance
with a Student’s–Newman-Keuls corrected post hoc anal-
ysis. Differences with P � 0.05 were considered signifi-
cant.

Results

Myocyte Replacement Occurs Faster in Murine
Infarcts than in Canine Infarcts

Reperfused myocardial infarction in both mice and dogs
is associated with rapid infiltration of the injured myocar-
dium with inflammatory cells, accompanied by clearance
of necrotic cardiomyocytes. Extensive leukocyte extrav-
asation is noted in both murine and canine infarcts after
24 hours of reperfusion (Figure 1, A and E). After 72 hours
of reperfusion, murine infarcts demonstrate almost com-
plete replacement of injured cardiomyocytes with inflam-
matory cells (Figure 1F). In contrast, canine infarcts dem-
onstrate a significantly slower progression of myocyte
replacement and persistent presence of significant num-
bers of contracted cardiomyocytes surrounded by an
inflammatory infiltrate (Figure 1B). After 7 days of reper-
fusion, murine infarcts show thinning and decreased cel-
lular content (Figure 1G), whereas canine infarcts are
filled with inflammatory cells (Figure 1C). Further loss of
cellular content is noted in mouse infarcts after 14 days of
reperfusion (Figure 1H), whereas the dog infarct (Figure
1D) is still highly cellular.

Figure 5. Quantitative analysis of macrophage density in reperfused murine
(A, F4/80 staining) and canine infarcts (B, PM2K staining). Macrophage
accumulation in reperfused mouse infarcts is robust but transient, decreasing
after 7 days of reperfusion. In contrast, macrophage infiltration in dog infarcts
is sustained, peaking after 7 days reperfusion. ***, P � 0.001.
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Time Course of Neutrophil, Macrophage, and
Myofibroblast Accumulation in Canine and
Murine Infarcts

Reperfused canine and murine infarcts demonstrate
rapid infiltration with inflammatory leukocytes, leading to
the formation of granulation tissue with a high cellular
content. Neutrophils rapidly infiltrate both murine and
canine infarcts (Figures 2 and 3) peaking after 24 hours
of reperfusion, but are rarely found after 7 days of reper-
fusion (Figure 2, C and F). Reperfused mouse infarcts
exhibit a transient increase in macrophage and fibroblast
accumulation, followed by decreased cellular content af-
ter 7 to 14 days of reperfusion. Macrophage density
rapidly increases after 6 hours of reperfusion (data not
shown), peaking after 24 hours of reperfusion (macro-
phage density 1805 � 185.5 cells/mm2; Figures 4D and
5A). Subsequently as the scar matures, a significant de-
crease in macrophage density is noted after 7 days (den-
sity 136.9 � 56.9 cells/mm2, P � 0.01 vs. 24 hours;
Figures 4F and 5A). Myofibroblasts, identified as spindle-
shaped �-smooth muscle actin positive cells, accumulate
in the border zone of the mouse infarct after 72 hours of
reperfusion (Figure 6D). Myofibroblast infiltration in in-

farcted mice appears to be a transient response: after 7
and 14 days of reperfusion the mature mouse infarct has
relatively low myofibroblast content and decreased
�-SMA % staining when compared with 3-day infarcts
(Figure 6, E–G).

In contrast, canine infarcts show a progressive increase
in macrophage and myofibroblast accumulation, peaking
after 7 days of reperfusion. Macrophage density in reper-
fused canine infarcts is significantly higher than in control
myocardial areas after 24 hours of reperfusion and contin-
ues to increase for the following 6 days, (Figure 4, A–C, and
Figure 5B). In addition, dog infarcts demonstrate a delayed
and sustained myofibroblast response, which is first noted
after 72 hours of reperfusion and peaks after 7 days (Figure
6, A and B). As we have previously demonstrated �-SMA %
staining in the canine infarct peaks after 5 to 14 days of
reperfusion, decreasing significantly after 3 to 4 weeks
of reperfusion18 (Table 1).

Mast Cells Infiltrate Canine but Not Murine
Myocardial Infarcts

Using histochemical staining with toluidine blue, we ex-
amined the presence of mast cells in canine and murine

Figure 6. �-smooth muscle actin (�-SMA) staining in reperfused canine (A–C) and murine infarcts (D–F). Dog infarcts show occasional �-SMA positive
spindle-shaped cells (arrows) after 72 hours of reperfusion (A). These cells are phenotypically modulated fibroblasts, termed myofibroblasts. Myofibroblast
accumulation increases dramatically after 7 days of reperfusion in the canine infarct (B, arrows). After 14 days of reperfusion �-SMA staining is predominantly
localized in smooth muscle cells and pericytes coating maturing wound neovessels (C, arrowheads). In contrast, mouse infarcts exhibit a rapid and transient
myofibroblast response. After 72 hours of reperfusion mouse infarcts show extensive myofibroblast infiltration (D, arrows). However, after 7 days of reperfusion
myofibroblasts in the infarcted mouse heart significantly decrease and �-SMA staining is predominantly localized in pericyte-coated vessels (E, arrowheads)
indicating rapid maturation of the infarct neovasculature. �-SMA immunoreactivity remains localized in vascular structures (arrowheads) after 14 days of
reperfusion (F, arrowheads). G: Quantitative analysis of �-SMA staining in healing mouse infarcts. Infarct �-SMA % staining peaks after 3 days of reperfusion
(***, P � 0.001 compared with non-infarcted heart) and decreases significantly after 7–14 days of reperfusion (#, P � 0.01 compared with % staining after 3 days
of reperfusion).

670 Dewald et al
AJP February 2004, Vol. 164, No. 2



myocardial infarcts. Noninfarcted canine myocardium
contains a resident mast cell population, while infarcted
areas are infiltrated after 3 (Figure 7A) and 7 days (Figure
7A), with significant number of mast cells (Figure 7C), as
described in detail in a previous study.17,23 Mast cell
numbers in the infarcted areas remain elevated after 14
days of reperfusion (Figure 7C). In contrast, normal
mouse myocardium has few mast cells, predominantly
located in the epicardial third of the left ventricular wall.
Mast cell infiltration was not found in the mouse infarct
after 3 (Figure 7D) and 7 days of reperfusion (Figure 7E),
and the mast cell density remained low and comparable
to the density in control areas (Figure 7F).

The Infarct Vasculature in Mouse and Canine
Infarcts

Infarct healing in both mice and dogs is associated
with an angiogenic response leading to formation of

neovessels in the infarcted territory. Dilated pericyte-
poor “mother vessels” are present in both murine and
canine infarcts; they are, however, more abundant in
mice (Figure 8). In both mice and dogs, infarct neo-
vessels undergo a maturation process leading to the
formation of pericyte coated vessels and regression of
many capillaries. Mouse infarcts exhibit a low micro-
vascular density after 7 days of reperfusion (infarct:
492.3 � 45.1 microvessels/mm2 vs. non-infarcted
area: 2659 � 236.9 microvessels/mm2) showing a sig-
nificant number of mature pericyte-coated vessels
(Figure 6E). In contrast, at the same time point, canine
infarcts have a high capillary density (more than 1500
microvessels/mm2)18 and relatively few vessels with a
muscular coat (Figure 8B). Vascular maturation and
acquisition of a muscular coat in canine infarct neo-
vessels occurs after 4 to 8 weeks of reperfusion
and is accompanied by a decrease in capillary
density.20

Table 1. Pathologic Features of Reperfused Myocardial Infarcts: Comparison of a Canine and a Murine Model

Feature Mouse Dog

Granulation tissue
formation

Rapid formation of granulation tissue;
injured cardiomyocytes replaced with
granulation tissue after 72 h of
reperfusion in animals undergoing 1-h
coronary occlusion protocols (Figure 1)

Slower formation of granulation tissue;
injured cardiomyocytes are replaced with
granulation tissue after 120 h of
reperfusion in animals undergoing 1-h
coronary occlusion protocols

Neutrophil recruitment Rapid and transient neutrophil infiltration
(Figures 2, 3)

Rapid and transient neutrophil infiltration
(Figures 2, 3)

Macrophage
recruitment

Rapid influx of monocytes; macrophage
accumulation peaks early and decreases
significantly after 7 days of reperfusion
(Figures 4, 5)

Rapid influx of monocytes; sustained
macrophage accumulation peaks after 7
days of reperfusion (Figures 4, 5)

Myofibroblast
accumulation

Maximal myofibroblast accumulation after
72 h of reperfusion; myofibroblast density
decreases after 7 days of reperfusion
(Figure 6)

Low number of myofibroblasts after 72 h of
reperfusion (Figure 6); myofibroblast
accumulation peaks after 7 days of
reperfusion18

Mast cell recruitment No increase in mast cell density found in
healing mouse infarcts (Figure 7)

Significant mast cell accumulation in
infarcted dog hearts after 72 h of
reperfusion23; mast cell infiltration persists
for at least 2 weeks after coronary
occlusion

Wound angiogenesis Low capillary density in the infarcted area
after 7–14 days of reperfusion (�500
microvessels/mm2); formation of large
dilated vessels; progressive coating of
the neovessels with pericytes; coating
and maturation of infarct neovessels
complete after 14 days of reperfusion
(Figure 8)

High capillary density in the infarcted area
after 7–14 days of reperfusion (�1500
microvessels/mm2)18; formation of large
dilated vessels; progressive coating of the
neovessels with pericytes20; coating and
maturation of infarct neovessels continues
one month after coronary occlusion20

Pro-inflammatory
cytokine expression

Transient induction of IL-1�, IL-6, and TNF-
� (Figure 9)

Transient induction/release of IL-631 and
TNF-�11

Inhibitory cytokine
expression

Early induction of IL-10 persists for at least
72 h of reperfusion; up-regulation of TGF-
�1, �2, �3 (Figure 9)

Late induction of IL-10, peaks after 96 h of
reperfusion12

Growth factor
expression

High-level expression of M-CSF mRNA in
the non-infarcted heart; modest M-CSF
up-regulation in infarcts; no SCF
induction; the infarct microenvironment
may not support sustained macrophage
and mast cell survival (Figure 10)

Marked M-CSF22 and SCF23 mRNA up-
regulation in canine infarcts; these factors
may support mast cell and macrophage
survival

Adhesion molecule
expression

Rapid and transient induction of ICAM-1
and E-selectin (Figure 10)

Rapid induction of ICAM-128

Chemokine
expression

Rapid and transient expression of MCP-1,
MIP-1�, MIP-1�, IP-10 (Figure 11)

Rapid expression of MCP-134, IL-833,
IP-1035; MCP-1 up-regulation persists for
at least 48 h34
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Induction of Cytokines, Chemokines, and
Adhesion Molecules in Mouse Infarcts

To identify molecular signals responsible for the cellular
changes noted in murine infarcts we examined the levels
of mRNA expression for various inflammatory mediators
in infarcted mouse hearts and compared them with
sham-operated controls. Infarcted mice demonstrated a
robust inflammatory response associated with signifi-
cantly increased synthesis of cytokines, chemokines, and
adhesion molecules. IL-1� and IL-6 mRNA expression
was markedly increased in mouse infarcts after 6 hours of
reperfusion (�20-fold compared with sham-operated
controls; Figure 9, A–C). Expression of TNF-� and LIF
was also significantly increased, but to a lesser degree
(threefold increase vs. sham animals; Figure 9, A and C).
Cytokine expression in the infarcted mouse hearts rapidly
returned to sham levels after 24 to 72 hours of reperfu-
sion. IL-10, an inhibitory cytokine with an important role in
pro-inflammatory cytokine regulation was also markedly
induced in mouse infarcts peaking after 6 hours of reper-
fusion (sixfold increase vs. sham; Figure 9E). However, in
contrast with the transiently increased expression of
TNF-�, IL-6 and IL-1�, IL-10 mRNA levels remained ele-
vated for at least 3 days after reperfusion. mRNA expres-
sion of the TGF-� isoforms was also increased in in-
farcted mouse hearts (Figure 9F). TGF-�1 and -�2 had a
similar time course, with significantly elevated mRNA ex-
pression after 6 to 72 hours of reperfusion and return to
sham levels after 7 days of reperfusion. In contrast,
TGF-�3 mRNA synthesis exhibited a delayed response
peaking after 3 to 7 days of reperfusion. Induction of
pro-inflammatory cytokines was associated with in-
creased mRNA synthesis of the adhesion molecules
ICAM-1 (Figure 10B) and E-selectin (sixfold vs. sham;
Figure 10C) that peaked after 6 hours of reperfusion and
returned to sham levels after 24 hours of reperfusion. In

contrast, PECAM-1 mRNA expression was high in sham
mouse hearts and did not change significantly in reper-
fused infarcts (Figure 10A). In addition, a robust transient
up-regulation of the chemokines MIP-1�, MIP-1�, MIP-2,
MCP-1 (Figure 11) and IP-10 was noted in the mouse
infarct. MIP-2, MCP-1 and MIP-1� mRNA synthesis was
markedly induced in mouse infarcts (�30-fold vs. sham
animals), peaking after 6 hours of reperfusion. mRNA
expression of all chemokines rapidly decreased after 24
to 72 hours of reperfusion, except for IP-10, which exhib-
ited a second smaller peak after 72 hours of reperfusion.
Expression of the IP-10 receptor, CXCR3, also increased
after 3 to 6 hours of reperfusion (Figure 11A). We have
previously described up-regulation of cytokines, chemo-
kines and adhesion molecules in experimental myocar-
dial infarction in dogs as well and, while similar, their time
courses are distinct (Table 1). It should be noted, how-
ever, that canine infarcts also exhibit sustained up-regu-
lation of the growth factors M-CSF22,24 and SCF,23 which
may have an important role in supporting survival and
maturation of macrophages and mast cells. In contrast,
infarcted mouse hearts demonstrate only a small tran-
sient increase (1.5-fold after 3 hours of reperfusion) of
M-CSF mRNA levels compared with sham-operated ani-
mals (Figure 10D) and show no SCF induction (Figure
10E). Although a modest up-regulation of GM-CSF is
noted after 3–6 hours of reperfusion (Figure 10A), GM-
CSF mRNA levels are very low in both sham and infracted
murine hearts (�2% of the mRNA levels of the house-
keeping gene L32). In addition the matricellular protein
OPN-1, a remodeling-associated gene induced in heal-
ing canine infarcts,24 was markedly up-regulated in
mouse infarcts peaking after 24 to72 hours of reperfusion
(Figure 9A). Finally, expression of the GM-CSF and IL-10
receptors did not change significantly in infarcted mouse
hearts.

Figure 7. Mast cells were identified in canine (A, B) and murine infarcts (D, E) using toluidine blue staining. Canine infarcts show significant mast cell
accumulation after 3 days of reperfusion (A, arrows). Mast cell accumulation increases further after 7 days of reperfusion (B, arrows). In contrast, mouse infarcts
have few mast cells in infarcted areas (arrow) after 3 (D), and 7 days of reperfusion (E). Diagrams show quantitative analysis of mast cell density in canine (C)
and murine (F) infarcts. *, P � 0.05; ***, P � 0.001.
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Discussion

Investigations using large animal models of experimental
myocardial infarction have allowed a detailed descriptive
analysis of the pathological process of infarction and
have significantly contributed to our understanding of the
pathobiology of ischemic myocardial injury. Recently, the
technological advances in gene targeting and transgenic
approaches led to the development of murine models of
experimental myocardial infarction that could prove valu-
able in dissecting the role of specific genes in infarction
and cardiac repair.25 However, extrapolation of the con-
clusions derived from murine studies to the human patho-
logical process implies similar mechanisms in both spe-
cies. Although mice and men share a large number of
highly conserved genes that regulate fundamental as-
pects of cardiovascular morphogenesis and pathophys-
iology, their inherent differences suggest that species
variability may ultimately become a critical consideration
in interpreting conclusions derived from murine studies.3

For example, the electrophysiology of the mouse heart as
well as the thrombosis and coagulation cascades are
quite distinct from that of the human making the mouse
an unsuitable model for questions in these fields.3 The
current study examines the pathological features of
reperfused myocardial infarcts in mice and compares the
molecular and cellular events involved in murine and

canine infarct healing. Both closed chest infarct models
(murine and canine) were developed in our laboratory to
minimize the influence resulting from acute operating
trauma. Our current study demonstrates that mouse in-
farcts, much like canine infarcts, exhibit a robust inflam-
matory response, with increased expression of cytokines,
adhesion molecules, and chemokines. However, murine
infarcts show a more rapid progression of the inflamma-
tory process with formation of granulation tissue and
myocyte replacement after 72 hours of reperfusion. Un-
like canine infarcts, reperfused infarcted mouse hearts
show only transient macrophage infiltration and no sig-
nificant mast cell accumulation, leading to wounds with a
relatively low cellular content after 7 days of reperfusion.
The relative absence of chronic inflammatory cells in the
mature mouse infarct may be related to the lack of sig-
nificant induction of growth factors, such as M-CSF and
SCF, necessary to support survival and maturation of
macrophages and mast cells.

Induction of Inflammatory Mediators in
Reperfused Mouse Infarcts

In large mammals experimental myocardial infarction is
associated with an inflammatory response which ulti-
mately leads to healing and formation of a mature scar

Figure 8. Vascular endothelial cells were identified in canine (A–C) and murine (D–F) infarcts using
CD31 immunohistochemistry. The non-infarcted canine (A) and murine (D) heart has a rich microvas-
cular network After 7 days of reperfusion canine infarcts have a high microvascular density (B) with a
large number of capillaries, and occasional pericyte-poor dilated “mother vessels” (arrow). Mouse
infarcts (i) at the same stage (E) exhibit a relatively low capillary density compared with non-infarcted
areas (n) and have a significant number of dilated vascular structures (arrows). After 14 days of
reperfusion (C) dog infarcts contain a large number of capillaries and a significant number of pericyte
coated mature vessels (arrowhead), whereas mouse infarcts are thin containing predominantly enlarged
vessels (arrows).
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(Table 1).26,27 Adhesion molecules such as ICAM-1 are
rapidly induced in canine infarcts28,29 and may have an
important role in leukocyte recruitment and neutrophil-
mediated injury.30 Adhesion molecule expression may be
mediated through up-regulation and release of cytokines
such as TNF-�11 and IL-6.31 In addition, expression of the
chemokines IL-8, MCP-1 and IP-10 has been a prominent
feature of rabbit and canine infarcts32–35 and may regu-
late recruitment of inflammatory leukocytes in the isch-
emic myocardium. Much like infarcts in larger mammal
species, mouse infarcts exhibit a robust and transient
expression of inflammatory mediators. Expression of neu-
trophil and mononuclear cell chemotactic factors such as
the chemokines MIP-2, MCP-1, MIP-1�, MIP-1�, and
IP-10 is highly induced in mouse infarcts and may criti-
cally regulate inflammatory cell recruitment. In addition,
the pro-inflammatory cytokines IL-1� and IL-6 are mark-
edly induced in the murine infarct and may contribute to
recruitment of inflammatory cells by up-regulating ex-
pression of adhesion molecules. Cytokine, chemokine
and adhesion molecule expression in mouse infarcts is
transient, decreasing significantly after 24 hours of reper-
fusion. In contrast, canine infarcts exhibit a more sus-
tained expression of certain inflammatory mediators such
as ICAM-1, IL-6 and MCP-1. The transient nature of pro-

inflammatory cytokine expression in mouse infarcts may
be due to the rapid up-regulation of IL-10 (Figure 9E; Ref.
36) and TGF-� (Figure 8B), both potent inhibitory cyto-
kines capable of suppressing TNF-� and IL-1� synthesis.
Dogs demonstrate a more delayed and sustained IL-10
response,12 this may account for the relatively prolonged
expression of inflammatory mediators such as ICAM-128

and MCP-134 reported in various studies. TGF-� isoforms
in mouse infarcts exhibited differential expression:
TGF-�1 and �2 were induced after 3 hours and their
expression significantly decreased after 3 to 7 days of
reperfusion, whereas TGF-�3 showed a delayed and sus-
tained induction after 3 to 7 days. TGF-� expression in
mouse infarcts may be important in regulating matrix
deposition, fibroblast differentiation and scar formation.
Studies investigating the repair of rat cutaneous wounds
demonstrated that TGF-�1 and TGF-�237 promote exces-
sive deposition of extracellular matrix proteins that lead to
scarring. In contrast, exogenous application of TGF-�3 to
these wounds reduced extracellular matrix protein dep-
osition and scarring.38 Differential expression of TGF-�
isoforms in infarcts may regulate extracellular matrix re-
modeling and modulate fibroblast phenotype. Increased
and sustained TGF-�3 synthesis during maturation of the
scar may prevent excessive accumulation of collagen in
the injured heart.

Macrophages and Mast Cells in Canine and
Murine Infarcts

Chemokine induction is a prominent characteristic of the
postinfarction inflammatory response in both large mam-
mals26,39 and mice (Figure 11). It is accompanied by
infiltration of the injured myocardium with inflammatory
leukocytes, which are involved in phagocytosis of dying
cardiomyocytes, synthesis of cytokines and growth fac-
tors, and regulation of matrix metalloproteinase activity.
Neutrophils rapidly infiltrate the infarcted myocardium in
both mice and dogs, but are rarely found after 7 days of
reperfusion (Figures 2 and 3). Macrophage density also
increases rapidly in both murine and canine infarcts (Fig-
ures 4 and 5). However, mouse infarcts exhibit a more
rapid and transient infiltration with mononuclear cells,
leading to almost complete replacement of cardiomyo-
cytes with granulation tissue after 72 hours of reperfusion.
In contrast, canine infarcts after 1 hour of coronary oc-
clusion and 72 hours of reperfusion demonstrate persis-
tent presence of injured cardiomyocytes with minimal
replacement by granulation tissue and extensive intersti-
tial inflammatory leukocyte infiltration. Furthermore, mac-
rophage infiltration in mouse infarcts appears to be tran-
sient, and macrophage density significantly decreases
after 7 days of reperfusion, leading to a thinned scar with
relatively low cellular content. In contrast, canine infarcts
exhibit high proliferative activity18 and increased macro-
phage content after 7 days of reperfusion (Figures 3 and
4). In addition, sustained mast cell infiltration is noted in
dog, but not in mouse infarcts after experimental infarc-
tion, suggesting that the microenvironment in canine in-
farcts supports proliferation and survival of resident in-

Figure 9. Cytokine expression in reperfused murine infarcts. A: Represen-
tative experiments demonstrate significant up-regulation of the pro-inflam-
matory cytokines IL-1�, IL-6, and TNF-� after 3 to 6 hours of reperfusion. The
inhibitory cytokines IL-10 and TGF-�, and the matricellular protein osteopon-
tin (OPN)�1, a marker of interstitial remodeling, are also upregulated in
mouse infarcts. mRNA expression of IL-1� (B), IL-6 (C), and TNF-� (D)
peaks after 6 hours of reperfusion but decreases significantly after 3 days of
reperfusion. *, P � 0.05; ***, P � 0.001. mRNA E, F: Quantitative analysis of
IL-10 (E) and TGF-�1, 2, and 3 (F) mRNA expression in reperfused murine
infarcts. IL-10, TGF-�1, and TGF-�2 are transiently induced during reperfu-
sion, in contrast to the later and more persistent up-regulation of TGF-�3.
*, P � 0.05; **, P � 0.01; ***, P � 0.001, #, P � 0.01.
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flammatory cells, such as mast cells and macrophages.
Mast cell and macrophage accumulation in dog infarcts
is associated with significant induction of SCF,23 a potent
chemotactic and survival factor for mast cells, and
marked and sustained up-regulation of M-CSF,22 a
growth factor crucial for maturation and proliferation of
macrophages. In contrast, murine infarcts exhibit a mod-
est and transient up-regulation of M-CSF and no SCF
induction. These findings suggest that although mouse
infarcts show high expression of chemotactic factors,
they lack expression of growth factors necessary to sup-
port a significant population of macrophages and mast
cells. The rapid decrease in macrophage numbers may
explain the extensive thinning associated with murine
infarction.

Myofibroblast Accumulation in Canine and
Murine Infarcts

Tissue repair is associated with accumulation of pheno-
typically modulated fibroblasts called myofibroblasts.40

These cells express �-smooth muscle actin and play an
active role in extracellular matrix deposition and metab-
olism in healing infarcts.41,42 TGF-�1 expression appears
to be important in regulating the phenotypic changes

associated with myofibroblast differentiation.43 Both ca-
nine and murine infarcts exhibit accumulation of myofi-
broblasts, predominantly located in the infarct border
zone. However myofibroblast infiltration in mouse infarcts
is rapid and transient, peaking after 72 hours of reperfu-
sion, whereas dogs demonstrate a more delayed and
sustained response, with a high number of myofibro-
blasts after 7 days of reperfusion.18 Myofibroblast prolif-
eration and growth may require macrophage-derived
growth factors, such as TGF-�1 and FGFs. Thus, in ca-
nine infarcts the sustained macrophage response may
be capable of maintaining an environment favorable for
fibroblast growth. In contrast, mouse infarcts quickly
reach the maturation phase and demonstrate decreased
macrophage density and TGF-�1 expression after 7 days
of reperfusion, exhibiting quicker resolution of the gran-
ulation tissue.

Mouse Models of Experimental Infarction: Are
They Relevant for Human Studies?

Due to the availability of knockout and transgenic ani-
mals, murine models are very attractive tools for investi-
gating the pathogenetic mechanisms involved in cardio-
vascular disease. Despite the small size of the murine

Figure 10. A: mRNA expression of the adhesion molecules ICAM-1 and E-selectin and the cytokine LIF is induced in mouse infarcts after 6 hours of reperfusion.
In contrast expression of the adhesion molecule CD31/PECAM-1, and the cytokine receptors IL-10R and GM-CSF R do not change significantly after infarction.
In addition, infarcted mouse hearts demonstrate a transient increase of M-CSF mRNA levels compared with sham-operated animals and show no SCF induction.
B–E: Quantitative analysis of ICAM-1 (B), E-selectin (C), M-CSF (D) and SCF (E) mRNA levels in mouse infarcts. A modest transient induction of M-CSF (D) is
found until 24 hours of reperfusion, associated with a transient macrophage accumulation in the infarcted mouse heart. Expression of SCF, a crucial factor for mast
cell survival and growth did not show significant increase in murine infarcts (E). This finding may explain the absence of mast cell infiltration in healing mouse
infarcts (Figure 7). **, P � 0.01; ***, P � 0.001.
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heart, several laboratories have developed reproducible
models of myocardial infarction. Given the large potential
for species variability, it is important to clearly define
whether the mouse displays a conserved response to
myocardial injury, when compared with larger mamma-
lian species. Previous studies have reported significant
differences in the biology of the inflammatory response
between mice and higher mammals. Chemokine profiles,
and the response of various cell types to inflammatory
cytokines differ significantly between species.44,45 Re-
cently, Yao and co-workers46 described species-specific
differences in cytokine-induced selectin expression be-
tween mice and primates. Furthermore, the heteroge-
neous morphological and functional characteristics of
mast cells between various species have been widely
recognized.14,47 Jugdutt and co-workers48 have com-
pared the rate of collagen deposition during healing
and postinfarction remodeling between dogs and rats and
reported that rat infarcts exhibited faster healing
and infarct collagen deposition and markedly lower in-
farct collagen. We found that when considered as a
whole, the postinfarction inflammatory response in mice
shares many common characteristics with higher mam-
malian species and is a good model for exploration of
cellular and molecular mediators in those events. However,
compared with dogs, mice demonstrated a more rapid and
transient infiltration with inflammatory leukocytes accompa-
nied by fast replacement of injured cardiomyocytes with
granulation tissue. In addition, the microenvironment in
healing murine infarcts does not support sustained macro-
phage and mast cell presence. These important species-
specific differences should be considered when extrapolat-
ing findings derived from studies using genetically altered
mice to the human disease process.
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