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Abstract

Myocardial ischemia und subsequent reperfusion is
followed by a complex sequence of pathophysiological
responses involving inflammatory cell infiltration and
cytokine release as well as postinfarction wound
healing and myocardial tissue remodeling. With the
development of gene targeted mice the contribution
of individual gene products to the pathophysiology
of myocardial ischemia and reperfusion can be
defined leading to an increasing interest in the widely-
used mouse model of myocardial infarction. This
methological paper describes in detail the required
equipment, surgical instruments, drugs and additional
material, the methods of anesthesia and analgesia,
the procedures involved in preparation of the animal,
tracheotomy, intubation, thoracotomy, occlusion of
the left descending artery, removal of the heart,

determination of infarct size, analysis of cardiac
functional parameters with echocardiography and
magnetic resonance imaging (MRI) as well as
determination of the morphological consequences
utilizing gelatin zymography, histology and
immunohistochemistry.

Copyright © 2011 S. Karger AG, Basel

Introduction

Myocardial ischemia followed by reperfusion triggers
a complex sequence of pathophysiological responses
involving inflammation, new tissue formation and
postinfarction tissue remodeling [1-3]. This dynamic
pathological process includes adhesion and migration of
inflammatory cells, release of cytokines and matrix
metalloproteinases as well as extracellular matrix
degradation and subsequent myocardial reparation with
increased new collagen synthesis [4-6].

The mouse model of myocardial infarction (MI) was
first published 1995 by Michael et al. [ 7] for investigating
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pathophysiological mechanisms in myocardial ischemia.
For this purpose it is essential to develop a standardized
technique for ligation of the left anterior descending artery
(LAD) to permit infarcts of uniform size.

In this methodological paper the techniques required
for anesthesia, surgical manipulation, coronary occlusion,
reperfusion and postoperative management of the mouse
are described. Furthermore, we address echocardiography
and magnetic resonance imaging (MRI) as non-invasive
additional examination methods and several ex vivo
evaluation methods.

Equipment, surgical instruments, drugs and
additional material

Since all surgical procedures are carried out with a
microscope, a stereo zoom microscope and a fiber optic
cold light source are essential. The required surgical
instruments are shown in Fig. 1.

For preparation of the mouse a shaving machine,
depilatory cream, eye ointment and polyvinylpyrrolidone
iodine (povidone-iodine) for disinfection are needed.

To perform the anesthesia several drugs (Table 1),
an anesthesia machine, a rodent ventilator (e.g. HSE-
HA MiniVent ventilator for mice, Harvard Apparatus,
USA) and a tracheotomy cannula (1.3 mm OD, 1 mm
ID) are necessary. To maintain the body temperature a
heating pad and a rectal probe connected to a temperature
controller are used. As suture material braided silk suture
6-0 (e.g. Mersilk®, Ethicon); monofilament, synthetic, non-
absorbable sterile suture 6-0 and 7-0 (e.g. Prolene®,
Ethicon) and synthetic absorbable sterile suture 6-0 and
8-0 (e.g. Vicryl®, Ethicon) are appropriate. Chemicals
required are listed in Table 1.

Anesthesia and analgesia

Complete antagonisation of the anesthesia after
surgery is beneficial for circulation. The mice are
anesthetized by an intraperitoneal injection of a solution
of midazolame (5 mg/kg body weight), medetomidine (0.5
mg/kg body weight) and fentanyl (0.05 mg/kg body
weight) [8]. Later, the anesthesia is maintained by
inhalation of isoflurane (0.7 — 1.5 Vol. % in O,).

As alternative anesthesia a combination of ketamine
(100 — 150 mg/kg body weight) and medetomidine (0.25
mg/kg body weight) is possible [8].

Fig. 1. Required surgical instruments and some equipment.
(A) Instruments from the left to the right: 2 clamps (e.g. Halsted
Mosquito hemostats), angled forceps, straight forceps, rip
retractor, small bulldog clamp, micro scissor, needle holder,
surgical scissor. (B) All surgical procedures are carried out with
a stereo zoom microscope as well as a fiber optic cold light
source. (C) Artificial ventilation is performed with a rodent
ventilator for mice.

Chemicals

Medetomidine

Fentanyl

Midazolame

Isoflurane

Buprenorphine

Atipamezole

Flumazenil

0.9 % sodium chloride solution

Ringer’s solution

5 % glucose solution

1 M potassium chloride solution (KCI)

0.5 % Evans Blue

1 % TTC (2,3,5,-triphenyltetrazoliumchloride)
4 % formaldehyde

Tissue-Tec® O.C.T.™ Compound

Table 1. Chemicals required for the induction and analysis of
experimental myocardial infarction
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For analgesia an opiod analgeticum should be used,
for example buprenorphine (0.05 — 0.1 mg/kg body weight,
s.c., every 8 hours); the first injection should be given in
the recovery phase.

Preparation and bedding

For protecting the cornea eye ointment is applied.
The thoracic wall of the narcotized mouse is shaved on
the left side. This area as well as the chin is treated with
depilatory cream (Fig. 2). These areas are cleaned and
disinfected with povidone-iodine.

Thereafter the mouse is fixed in supine position with
extremities taped on the operating table. For subsequent
tracheotomy hyperextension of the neck is helpful, for
example by positioning a cannula sheath under the neck.
Furthermore, the right side of the mouse must be margi-
nally uplifted.

To maintain the body temperature at 37 + 1 °C a
controllable heating pad and a thermometer with a rectal
probe are used.

Tracheotomy and intubation

A midline cervical skin incision is made by lifting the
skin with straight forceps and cutting with the microscissor.
The salivary glands are separated atraumatically. After
gentle separation of the muscles (M. sternohyoideus, M.
sternothyroideus) overlying the trachea they are fixed
aside with sutures (Prolene®, 6-0) and clamps. Now the
trachea is visible. A cut between the fourth and fifth
tracheal cartilage is made and a suture (Prolene®, 7-0)
is attached on the posterior tracheal cartilage. A bulldog
clamp is fixed at the suture. This the suture can be used
to facilitate the intubation (Fig. 3). Subsequently, the
tracheotomy cannula is connected to a rodent ventilator
via a tube. Artificial ventilation (120 strokes/min, 180 pl
volume, 0.8 I/min oxygen flow) is provided throughout
the procedure.

Thoracotomy and left descending artery
(LAD) occlusion

To perform a thoracotomy at the left side the mouse
is relocated on its right side. The skin is incised and the
subcutaneous tissue is dissected free, the ventral serrated
muscle of thorax and the intercostal muscles are

Fig. 2. Preparation and bedding of the mouse. (A) After
anesthesia and application of eye ointment the thoracic wall as
well as the chin are shaved and treated with depilatory cream.
Thereafter both areas are cleaned and disinfected. (B) Bedding
for tracheotomy: The mouse is fixed in the supine position with
extremities taped on the operating table. A cannula sheath under
the neck causes a hyperextension and facilitates the intubation.
(C) Bedding for thoracotomy: The mouse is relocated whereas
the right side must be marginally uplifted.

transected. The thorax is incised in the third intercostal
space (Fig. 4). The opening is widened with a rip retractor.
The lung is displaced with the help of Ethikeil® (Ethicon)
to visualize the left auricle, at whose tip the left anterior
descending artery takes course toward the apex of the
heart. Before occlusion it is essential to open carefully
the pericardium.

Experimental Myocardial Infarction in Mice
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Fig. 3. Tracheotomy
and intubation. (A) A
midline cervical skin
incision is made and
the salivary glands as
well as the muscles
overlying the trachea
are gently separated.
(B, C) The muscles are
fixed aside with
sutures and clamps.
Thereby the trachea is
visible. (D, E) A cut is
made between the
fourth and fifth
tracheal cartilage. (E,
F) Intubation is
facilitated by
attaching a suture on
the posterior tracheal
cartilage on which a
small bulldog clamp is
fixed.

Fig. 4. Thoracotomy.
(A) The mouse is
relocated on its right
side and the skin is
incised. (B, C) The
subcutaneous tissue
is dissected free. (D)
The ventral serrated
muscle of thorax is
transected. (E) The
intercostal muscles
are incised in the third
intercostal space. (F)
The opening is
widened with a rip
retractor.

There are two anatomical patterns how the left
anterior descending artery (LAD) takes course: first, there
is a major singular LAD. Second, there exists a major
bifurcation of the artery, which is close to the left auricle
[7]. Branches of the mouse LAD penetrate the
myocardium close to their origin [9]. Silk 6-0 is used to
occlude the LAD just proximal to the site where the artery

splits into two smaller branches or alternatively at the
level of the tip of the auricle [10].

To later allow the reestablishment of blood flow,
occlusion is produced by placing a 3 mm long piece of
polyethylene tubing (Portex®, Smiths Medical, 0.28 mm
ID, 0.61 mm OD) on the artery and fixing it in place with
a ligature (Fig. 5). It is essential to contract the knot by
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Fig. 5. Occlusion of the (left
descending artery) LAD. (A)
By widening the intercostal
space the left side of the
heart and the lung become
apparent. (B) After opening
the pericardium the left
auricle is visible () at whose
tip the LAD () takes course
towards the apex. (C, D) The
LAD is occluded at the level
of the tip of the left auricle.
(E) A loose snare is formed.
(F) Furthermore a piece of
polyethylene tubing is
placed on the artery to later
allow the reestablishment of
blood flow.

Fig. 6. Wound closure. (A)
After removing the rip
retractor the silk suture
thread which retains in the
myocardial  tissue, is
deposited outside the thorax.
The intercostal muscles and
the peritoneum are closed
with interrupted suture. (B)
The silk suture thread is
placed onto this suture. The
ventral serrated muscle of
thorax, fascia and
subcutaneous tissue are
closed continuously. (C) The
skin is closed in interrupted
sutures. (D, E) After
extubation the trachea is
closed with a single knot. (F)
The holding sutures are
removed and the skin is
closed in interrupted sutures.

forming a loose snare. The discoloration of the left
ventricle wall indicates the interruption of the coronary
flow and verifies the successful myocardial infarction.
The occlusion of the LAD must be retained for a well-
defined period to achieve presentable infarct sizes.
Ischemia is maintained 30 minutes. After this period the
ischemia is terminated by removing the polyethylene tubing

and opening the knot. The suture should be left in the
myocardial tissue for the Evans Blue staining, which is
performed before removing the heart. Reperfusion can
be identified by visual inspection. The rip retractor is
removed and the silk 6-0 suture thread is deposited outside
the thorax. The intercostal space and the pleura are closed
with interrupted suture by using Vicryl® 6-0. The silk

Experimental Myocardial Infarction in Mice
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Fig. 7. Evans Blue staining. (A)
The skin of the anesthetized and
intubated mouse is opened at the
place where the xiphoid process
of the sternum can be found. (B)
Furthermore the pericardium is
transected. (C) The diaphragm is
cut through. The thorax is
opened by cutting the rips on the
right side of the sternum, shifting
it to the left and fixating it with a
clamp. (D) The silk suture is
located and pulled out the muscle.
(E) The left anterior descending
artery ligature is retied. (F, G, H)
0.5 ml Evans Blue dye is injected
into the left cavity. The circulating
dye is uniformly distributed
except in the heart region
supplied by the occluded
coronary artery. (I) Successful
dye injection can be verified by
visualization of blue stained
capillaries and organs.

Fig. 8. Determination of infarct
size. (A) The heart is removed and
cleaned with sodium chloride
solution. Now the whole heart is
stained blue except the area at risk
which was not affected by the
occlusion. The heart is embedded
in Tissue Tec® and frozen at -20
°C. (B) Afterwards it is sectioned Zmm
transversely with a scalpel into 5
slices. The sections are cleaned | C

again and incubated in 1 % TTC lumen of the
for 10 minutes. (C) The slices are right ventricle
fixed in 4 % formaldehyde for at
least 2 hours. Now the infarcted
area appears pale white and the
viable myocardium stains red. The
region which was not affected by
the occlusion is identified by the
blue-staining. (D)  After

. \ : lumen of the
photographing the tissue sections left ventricle

the different regions can be
determined by quantitative
morphometric planimetry.

suture is placed onto this suture. Afterwards, the ventral ~ contrast, the skin is closed with interrupted sutures (Fig.
serrated muscle of thorax, fascia and subcutaneous tissue 6 A — C). The isoflurane supply is decreased whereas
are closed with continuous 6-0 Prolene® sutures. In  the oxygen flow must be raised. Now buprenorphine
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Fig. 9. Evaluation of cardiac
function by using 2-
dimensional echocardio-
graphy. (A) End-systolic
cavity areas from left ventricle
long-axis and short-axis view
in untreated mice. (B) End-
systolic cavity areas from left
ventricle long-axis and short-
axis views 7 days after
myocardial infarction. (C)
Fractional area change can be
calculated by manually tracing
the endocardial border of the
left ventricle in end-systolic
and end-diastolic points of
time.

should be administered because the analgetic effect starts
not until 20 — 30 min after application.

For extubation the mouse is relocated in the
supine position. As soon as the mouse breaths
autonomously the tracheotomy cannula is taken off
from the trachea. The latter is closed with a single Vicryl®
8-0 knot. The holding sutures are removed and the skin
is closed with Prolene® 6-0 in interrupted sutures (Fig. 6
D —F). To support the circulation the mouse is medicated
with Ringer’s solution and 5 % glucose solution by a
subcutaneous injection. To antagonize the anesthesia a
mixture consisting of atipamezole (2.5 mg/kg body weight)
and flumazenil (0.5 mg/kg body weight) is given
subcutaneously. The mouse is allowed to recover from
the surgery under a heating lamp. The injection of
buprenorphine is repeated in an interval of 8 hours for 3
days.

Removal of the heart and determination of
infarct size

At the end of the reperfusion period the mouse is
anesthetized again. The intubation is carried out as already
described. The isoflurane supply is raised to 2 Vol. %.

The abdomen is cut open at the place where the
xiphoid process of sternum can be found. Furthermore
the diaphragm is cut. The thorax is opened up by cutting
the rips on the right side of the sternum, shifting it to the
left and fixating it with a clamp. The silk suture is located
and the left anterior descending artery ligature is retied.
0.5 ml of 5 % Evans Blue dye is injected into the left
ventricular cavity (Fig. 7). The circulating dye is uniformly
distributed except in the heart region supplied by the
occluded coronary artery. This domain illustrates the area
at risk, which is affected by the ischemia. The mouse is

Experimental Myocardial Infarction in Mice
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Fig. 10. Evaluation of
cardiac  function by
magnetic resonance imaging
(MRI). Short axis slices of a
mouse heart before (A) as
well as 1 (B), 2 (C) and 3 (D)
weeks after ligation of the
LAD. Ventricular wall
becomes thin in the region
of the ligated LAD.

bhasal

2w post OP

1w post OP

3w post OP

killed by an intracoronary injection of 0.3 ml potassium
chloride solution (1 M). The heart is quickly removed
and cleaned with a sodium chloride solution. After
embedding in Tissue Tec® it is frozen at -20 °C. The
frozen heart is sectioned transversely into 5 slides of
approximately 1 —2 mm breadth. Each section is cleaned
with sodium chloride solution and incubated in 1 % TTC
for 10 minutes. After TTC-staining, viable myocardium
stains red and the infarct region appears pale white. The
slides are further fixed in 4 % formaldehyde for 2 hours
at room temperature. Thereafter, the tissue sections are
photographed on both sides using a digital camera
mounted atop the stereo microscope. The infarct sizes
can be determined by quantitative morphometric
planimetry using an image analysis software program (Fig.
8).

In our setting the SEM in infarct size determination
was 5.8 % which is comparable to the results of procedure
protocols of other groups [7, 11, 12]. Generally, the
outcome of infarct healing in mice strongly depends on
genetic background [13].

Parameter Abbreviation Limiting values
Heart rate HF 500 — 600 min’!
Respiratory rate RF 100 — 120 min’
End-diastolic volume EDV 50— 60 pl
End-systolic volume ESV 15-20 pl
Stroke volume SV 35-40 pul
Ejection fraction EF 65-70%
Cardiac output CcO 15 — 20 ml/min
Myocardial mass Mo 80 — 100 mg
Myyo/Body weight rel. My, 2.5-3.5mg/g
Myocardial septum thickness ST 0.8 - 1.0 mm
Wall thickness WT 0.8 - 1.0 mm

Table 2. MRI parameters for analysis of functional outcome
after myocardial infarction.

Echocardiography

Myocardial infarction leads to a reduction of the
pump function proportional to the extent of infarction and
to a progressive ventricular remodeling which often results
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Fig. 11. Histology and
immunohistochemistry can
be used to determine
particular inflammatory
cells and the appearance of
further elements in the
infarct border zone: (A) HE-
stain, (B) anti- Mac-3, (C)
anti-CD3, (D) anti-PMN, (E)
anti-MMP9 immunohisto-
chemistry. (B) — (E) illustrate
the area framed in (A). Top:
30 min occlusion/ 24 h
reperfusion. Bottom: 30 min
occlusion/ 7 d reperfusion

Fig. 12. Representative
examples of staining with
HE (A), picrosirius red (B)
and Masson’s trichrome (C)
at 24 hours (top), 7 days
(middle) and 28 days
(bottom) after myocardial
ischemia/reperfusion.

in ventricular systolic as well as diastolic dysfunction and
ultimately contributes to acute or chronic heart failure [ 1,
14]. Echocardiography is an ideal and non invasive
technique to characterize cardiac function serially in one
individual. Here, a way how to utilize and evaluate mouse
echocardiography after myocardial infarction is described.

Because of the small size of the mouse heart und
high heart rates above 400 bpm [15-17] ultrasonic devices
with good spatial and temporal resolution should be used.

To avoid temperature-related changes in cardiovascular
function a temperature control is mandatory [18].
Echocardiography can be carried out on awake or lightly
sedated animals. Although anesthesia facilitates
immobilization yielding reproducible data, it affects the
hemodynamics of the mouse [19]. It causes lower heart
rates which are associated with dilatation of the left
ventricle. According to a previous study [20], isoflurane
and tribromoethanol hardly impaired the cardiac function

Experimental Myocardial Infarction in Mice
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in C57BL/6, whereas ketamine-midazolame and
ketamine-xylazine resulted in numerous effects on
echocardiographic parameters. Left ventricular size and
function can be assessed using either the M-Mode or 2-
dimensional images. Indeed, M-mode short axis imaging
at the midpapillary level often does not include small infarct
sizes. Therefore 2-dimensional echocardiography is more
reliable to evaluate the cardiac function after myocardial
infarction [21].

Fractional area change (FAC) can be calculated
from left ventricle long-axis images at the maximum 2-
dimensional diameter using the following formula:

% FAC = (EDA-ESA)/EDA x 100 [12].

EDA means the end-diastolic (largest) and ESA the
end-systolic (smallest) cavity area. These data are
determined by manually tracing the endocardial border
of the left ventricle (Fig. 9). For each measurement 3
consecutive cardiac cycles should be traced and averaged.

It is also possible to evaluate short axis images at
the midpapillary and apical level. The latter can be
acquired at the greatest diameter in the lower third of the
left ventricle. By tracing the end-diastolic and end-systolic
cavity area the FAC can be determined using the formula
already mentioned.

Magnetic resonance imaging (MRI)

Functional and morphological consequences of
murine myocardial infarction models can be conveniently
monitored by noninvasive magnetic resonance imaging
(MRI) [22]. High tissue contrast in the MR images greatly
enhances the delineation of cardiac and vascular struc-
tures, usually without the need of contrast agents [23,
24]. Mice are lightly anesthetized within the magnet with
1-1.5% isoflurane and kept at 37°C. To obtain images at
defined time points within the heart cycle, triggering of
the imaging sequence to the ECG is indispensable, which
is monitored utilizing small electrodes at the fore- and
hindpaws. Furthermore, a pressure sensor is used to avoid
respiratory motion artifacts by synchronization of the ex-
piratory signal plateau with the pulse sequence. During a
complete heart cycle, 15 to 20 images are usually ac-
quired resulting in a temporal resolution of 5-7 ms (as-
suming a heart rate of 600 min™). A field of view of 3x3
cm? and a matrix size of 256x256 yield a pixel size of
117x117 pm (at a slice thickness of 1 mm). Temporal and
spatial resolution are completely sufficient to routinely
determine functional heart parameters even at the high
heart rate of the mouse.

Left ventricular (LV) volume reconstruction is
performed from contigous short axis slices covering
the entire heart (6-10 slices depending on the heart size).
For all slices end-diastolic and end-systolic LV endocar-
dial areas are determined which, after multiplication
with the slice thickness, provide the partial volumes.
End-diastolic (EDV) and end-systolic (ESV) volumes are
obtained by summation of all partial volumes associated
with the respective heart phases. From the epicardial
borders the complete LV volume can be reconstructed in
the same way as described for the endocardial volume.
Substracting these two volumes provides the pure
myocardial volume and, after multiplication with density,
the myocardial mass, whereas the myocardial wall thick-
ness can be directly measured. From these measures, a
variety of parameters can be calculated. Typical values
for healthy, male C57BL/6 mice at the age of 3 months
are provided in Table 2. All these parameters can be used
to analyze the functional outcome of myocardial infarc-
tion in transgenic mouse models. Due to its non-invasive
character cardiac MRI is ideally suited for repetitive
measurements on the same animal to also follow the
course of cardiac remodeling after infarction as a major
determinant in the development of heart failure. An im-
pressive example is presented in Fig. 10. Furthermore,
changes in the dynamics of LV contraction can directly
be assessed using the cine sequence that is aquired for
each heart slice.

Gelatin zymography

MMP-2 and MMP-9 are activated within myocar-
dial tissues after myocardial infarction and are the driv-
ing force of left ventricular (LV) remodeling effective by
degrading LV matrix components [25, 26]. MMP-2 and
MMP-9 activity can be revealed by gelatin zymography
e.g. at 24 hours after I/R, as described previously [27].
For this purpose the left ventricle has to be minced into
1-mm? pieces and incubated with PBS containing 0.5%
Triton X-100 (Sigma) and 0.01% sodium azide in 4 °C
for 18 h. After centrifugation supernatants
are harvested and 100 pg protein are subjected to electro-
phoresis.

Histology and immunohistochemistry

The paraffin technique for preparation of tissue prior
to histological examination involves fixation, dehydration,
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clearing, embedding and sectioning. At first the tissue
samples are fixated with 4 % formaldehyde. The
dehydration occurs by passing the heart slices through
graded alcohols in ascending order (70 % ethanol 60 min,
80 % 60 min, 95 % 60 min, 100 % 2 x 60 min). Thereby
the tissue water is replaced with alcohol. By incubating
the tissue samples in xylol, the alcohol is removed.
Embedding in paraffin is used to replace the xylol and to
form a block. The latter is finally sectioned with a
microtome into ca. 5 pm thin sections, which are mounted
on glass slides. The sections are cleared with xylol and
rehydrated in alcohols in ascending order (100 % 2 x 5
min, 95 % 5 min, 70 % 5 min).

Haematoxylin and Eosin (HE) stain can be used to
determine the tissue damage and cell recruitment after
myocardial infarction. Haematoxylin stains basophilic
components like nucleus and endoplasmatic reticulum and
appears blue. Eosin binds structures which are
eosinophilic, for example proteins and stains pink. The
infarcted area can be clearly identified with HE staining
(Fig. 11 A).

Immunohistochemistry is an appropriate procedure
to evaluate cell recruitment in myocardial infarction.
According to a previous study [28], inflammation is most
intensive at the infarct border zone. Therefore it is
advisable to characterize this region in more detail.

By using immunohistochemistry the appearance of
particular inflammatory cells which are of central
importance for wound healing after mycardial infarction

[29] can be evaluated. It is possible to distinguish between
PMN-positive cells which are polymorph nuclear
neutrophils [30-32], Mac-3-positive cells which are mouse
mononuclear phagocytes [33] and T-lymphocytes which
are CD3-positive [34] (Fig. 11 B,C,D).

Furthermore the appearance of particular factors
mediating morphological changes in infarcted regions, e.g.
MMP-9 [35] (Fig. 11 E), can be determined utilizing the
respective staining.

After myocardial infarction, new collagen synthesis
as well as deposition starts in the infarcted area already
within the first 3 to 4 days postinfarction and achieves its
maximum after 1-2 weeks [36]. The interstitial collagen
accumulation in the infarcted area can be detected by
Masson’s trichrome or picrosirius red staining [37] (Fig.
12).

Complications and survival

All together surgical procedures were performed in
85 mice. Six mice died (5.1 %). Four of the mice died
during surgical manipulation/coronary occlusion and two
after the procedure. Causes of death were ventricular
tachyarrhythmias and haemorrhage. In two mice it was
not possible to stain the myocardium. Further
complications not resulting in death of the animals were
ascites (7.7 %), respiratory diseases (1.7 %), and
haematuria (1.7 %).
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