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Abstract

Background: Coronary artery diseases (CAD) are the most commonly occurring disorders in the developed
countries. Development of new therapeutics and their success in clinical studies require confirmation of
therapeutic effects in large animal models. Swine is an ideal animal model because their anatomical features
are similar to humans. However, sometimes their large body size hampers translational research, particularly
in cell or tissue transplantation procedures for adult stage and long-term observation studies. We have been
developing the smallest experimental pig, called micro-mini pigs (MMPs), for regenerative medicine.

Methods: Five- to 14-month-old mature MMPs were used (n = 15, body weight: 13.4 ± 2.14 kg). In the acute myocardial
infarction (AMI) model, AMI was induced by cryoinjury (CI). In the ischemic heart disease (IHD) model, IHD was induced
using an ameroid constrictor (AC) that was applied to the left anterior descending artery, with the diagonal branches
ligated. Cardiac function in both models was assessed by magnetic resonance imaging (MRI) with late gadolinium
enhancement, and coronary angiography (CAG) was performed to evaluate the collateral arteries. Animals were
sacrificed 4 weeks after procedures to evaluate the pathological changes.

Results: On MRI, the ejection fraction in CI-induced AMI models decreased from 57.7 ± 3.2% to 35.8 ± 4.7% (Δ62.
2%, p = 0.012) (n = 8). In contrast, AC also impaired cardiac function, but some pigs did not develop heart failure
due to the development of collateral branches (pre: 54.4 ± 4.4%, post: 41.1 ± 8.0%, Δ75.7%, p = 0.028 [n = 7]).
Gadolinium contrast-enhanced MRI and pathological examination confirmed scarring in both models. The proportion
of scar area in the left ventricular region of CI-induced AMI models vs. AC-induced IHD models was 19.4% vs. 10.3%
(p = 0.046) (MRI) and 17.6% vs. 9.2% (p = 0.046) (pathology). Immunohistological analysis also showed the presence
of marked neovascularization in AC models, which led to greater variation in the impairment of cardiac function.

Conclusions: MMPs are the smallest available swine for experimental use that are suitable for translational research.
They allow for long-term observation of adult pathology. Both models of AMI and IHD were successfully established
in MMPs. The MMP preclinical heart failure model may accelerate further development of new treatments for CAD.
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Background
Coronary artery disease (CAD) is a leading cause of
mortality and mobility in developed countries [1]. Cur-
rently, the main therapies for CAD are percutaneous cor-
onary intervention, coronary artery bypass graft surgery,
and optimal medical therapies. Despite advances in therap-
ies for CAD over the last half century, mortality among
patients with CAD remains high [2]. Severe CAD leads to
chronic heart failure (HF), and heart transplantation is the
sole effective treatment for terminal stage chronic HF.
However, donor shortage is a critical problem globally
[3]. In order to address this unmet medical need, various
therapeutic strategies must be developed to treat CAD.
Small animal models such as mice and rats are suitable
for researching the molecular mechanisms of CAD [4].
However, there are large physiological differences between
rodents and humans, such as heart rate and heart weight.
In contrast, large animal models more closely mimic
human diseases in terms of physiological function. New
innovative strategies to treat CAD such as gene therapy,
stem cell therapy, and pharmacological agents must be
assessed for feasibility and safety in preclinical models
prior to clinical studies [5–7]. Moreover, the invention of
new surgical techniques and mechanical devices such as
left ventricular assist devices, artificial hearts, and cardiac
assist devices are difficult to test and optimize in small
animals. Therefore, pre-clinical studies of these techniques
and devices in large animals such as canines, sheep, and
swine are strongly recommended before their first usage
in human [8]. In particular, swine are ideal for use as a
large animal model because their anatomical features,
including the coronary arteries, resemble those of the
human body [9]. Moreover, unlike dogs, swine do not have
pre-formed collateral arteries [9, 10]. The disadvantage of
using domestic swine is that they are too large to handle
during the course of their growth. In order to observe and
evaluate the long-term adult pathology in a CAD animal
model, we have been developing a micro-mini pig (MMP)
model. MMPs weight up to 10–20 kg in their adult stage,
whereas mature miniature pigs weigh 40–50 kg [11]. To
our knowledge, there are no reports on established heart
disease models with MMPs. In addition, there are no
reports demonstrating a direct comparison between CI-
induced acute myocardial infarction (AMI) models and
AC-induced ischemic heart disease (IHD) models in
swine, which are representative models for CAD [12, 13].
CI has been used to make AMI model [14, 15]. Although
the myocardial area was injured from the epicardial side, a
strong advantage is the ability to control damage to the
area [14, 15]. On the other hand, AC gradually constricted
the coronary artery to result in ischemia [16].
We evaluated the feasibility of using adult MMPs as

preclinical models for AMI and IHD, to aid in the devel-
opment of new therapies for CAD.
Methods
Animals, anesthesia, and analgesia
Female MMPs (n = 15, body weight: 13.44 ± 2.14 kg, Fuji
Micra inc, Shizuoka, Japan) aged 5–14 months were used
in this study. They underwent general anesthesia with
2–2.5% sevoflurane inhalation, and were pre-medicated
with medetomidine chloride (0.08 mg/kg i.m.), midazolam
(2 mg/kg, i.m.), and atropine (0.02 mg/kg, i.m.). Analgesia
was achieved by administering buprenorphine (0.02 mg/kg,
i.v.) during the operations. Prior to the beginning of proce-
dures, systemic heparinization was achieved through intra-
venous transfusion of heparin at 100 units/kg.
AMI model
Cryoinjury
AMI was induced by CI in 8 female swine (body weight:
14.0 ± 1.7 kg, age 8–14 months), with a stainless rod
(Fig. 1d) frozen in liquid nitrogen. The left chest cavity
was opened by a left 4th thoracotomy to expose the
heart. After administration of systemic heparin (100
units/kg, i.v.), 2 or 3 of the main diagonal branches were
ligated with 6–0 prolene sutures. Then, the cryo-rod was
pushed to the anterior free wall of the left ventricle for
2 min, moving concurrently with heart beats. Finally, the
chest was closed.
IHD model
Ameroid constrictor
IHD was induced by AC in 7 female swine (body weight:
12.8 ± 2.51 kg, age 5–14 months). The left chest cavity
was opened by a left 4th thoracotomy to expose the heart.
After administration of systemic heparin (100 units/kg,
i.v.), 2 or 3 of the main diagonal branches were ligated
with 6–0 polypropylene sutures (Ethicon, USA). The wall
motion of the left ventricular anterior wall was locked
with a stabilizer, and then the AC was implanted in the left
anterior descending artery (LAD), ligated around the AC.
Finally, the chest was closed.
Cardiac functional assessment with magnetic resonance
imaging
Cardiac function was evaluated prior to creation of the
models (baseline) and at 4 weeks after the operation, by
using 1.5 T magnetic resonance imaging (MRI) (Magnetom
Essenza, Siemens Healthcare Sector, Erlangen, Germany)
with a phased-array cardiac coil. All images were acquired
under apnea with continuous ECG gating, and enhanced
by gadolinium enhancement. The left ventricular ejection
fraction (LVEF), end systolic volume (LVESV), and end
diastolic volume (LVEDV) were assessed and compared
between the groups. Myocardial scarring was evaluated by
gadolinium contrast injection.



Fig. 1 Cryoinjury (CI) or ameroid constrictor (AC)-induced coronary artery disease (CAD) models. a A micro-mini pig (MMP) is a very small swine that
weighs 10–20 kg when mature. Here, a MMP is shown together with a smartphone as a comparison of size. b Ameroid constrictors (AC) (inner diameter:
2 mm) were used to create a ischemia model. c The AC was placed in the proximal region of the left anterior descending artery (LAD). d The metallic
probe for inducing cryoinjury (CI) to a MMP’s heart. e Major diagonal branches were ligated under open thoracic surgery. The yellow arrows indicate the
ligation site. f A cold metallic probe was placed at the anterior wall of the porcine heart. The anterior wall was completely ablated by CI after 120 s
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Coronary angiography of MMPs
Coronary angiography (CAG) was performed under
anesthesia at 4 weeks after the operation. The left and
right coronary arteries were separately imaged with
contrast medium.

Pathological and Morphometric analysis
After completing the 4-week observation period, the
animals were sacrificed by intravenous transfusion of
potassium chloride (20 mEq/body) after general anesthesia,
and their hearts were explanted. The LV was sectioned into
1-cm-thick short-axis slices to measure infarct size (IS).
Transverse ventricular slices were then incubated with 2%
TTC (2,3,5-triphenyl tetrazolium chloride) for 20 min at
37 °C to stain viable myocardium. Each slice was im-
aged digitally to measure the infarct size. Infarct size
was expressed as a percent of LV surface area by an
image-analysis system (NIH Image J program, available
at http://rsb.info.nih.gov/ij).

Immunohistochemistry for angiogenesis
Heart tissues were fixed in 4% paraformaldehyde, em-
bedded in paraffin, and then sections were cut at 6 μm
intervals vertical to the long axis of the heart. For
immunofluorescence staining, heart tissues were fixed
in 4% paraformaldehyde, embedded in an optimal cut-
ting temperature compound, and then snap-frozen in
liquid nitrogen. Cryosections were stained with primary
antibodies against a cardiomyocyte specific marker (tropo-
nin-T (Abcam, Cambridge, UK)), an endothelial cell (EC)
marker (von Willebrand factor (vWF) (Abcam)), and a
smooth muscle marker (α-smooth muscle actin (SMA)
(Dako, Denmark)). Primary antibodies were visualized
with fluorescent secondary antibodies. Nuclei were stained
with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI)
(Invitrogen). All in vitro images were acquired and analyzed
by using a fluorescence microscope (Axio Observer; Carl
Zeiss Inc., Oberkochen, Germany). After immunofluores-
cence staining, the area of angiogenesis was quantified by
the number of vWF positive cells or SMA positive vessels
in the scarred and normal zones.

Growth curve and heart size of MMPs
Body weight of the MMPs was measured at Fuji Micra
farm (male: n = 34 female: n = 34). A MMP and a farm pig
were sacrificed to compare their hearts. They were sacri-
ficed by intravenous transfusion of potassium chloride
(20 mEq/body) after general anesthesia, and their hearts
were explanted.

Statistics
IBM SPSS Advanced Statistics 22 (IBM Inc, Chicago, IL,
USA) was used for statistical analyses. Error bars repre-
sented the standard deviation (SD). The significance of

http://rsb.info.nih.gov/ij
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differences in cardiac function and scar area between 2
groups was analyzed by non-parametric inferential statis-
tical methods (Mann–Whitney U test or Wilcoxon rank
sum test, as appropriate for each parameter). The signifi-
cance of differences between 2 groups in the pathological
evaluation of angiogenesis in the scar area was analyzed
with Student’s t-test; *p < 0.05 was considered significant.

Results
AMI model with cryoinjury and IHD model with ameroid
constrictor
MMPs were small swine, and their body size reached
approximately 10–20 kg at the adult stage (Fig. 1a and
Additional file 1: Figure S1A). The size of a MMP
heart was much smaller than the heart of a farm pig
(Additional file 1: Figure S1B). AC (inner cavity diameter
was 2.0 mm, appropriate for MRI usage) was chosen to
constrict LAD in MMPs (Fig. 1b). Major diagonal branches
were ligated after open thoracotomy by 6–0 prolene. The
proximal region of LAD was exposed carefully, and the AC
was attached to the LAD (Fig. 1c). When a 1.5-mm inner
diameter AC was used, it sometimes induced ventricular
Fig. 2 Assessment of cardiac function in porcine CAD models. a and b Rep
IHD models. Scale bars: 1 cm. c LVEF significantly reduced in both CAD mode
Both left ventricular end-systolic and end-diastolic volumes significantly increa
tachycardia. However, the appropriate AC (2.0 mm inner
diameter) did not trigger fatal arrhythmia. AMI models
were created with CI. A metallic probe was designed to fit
with the anterior wall of MMPs’ hearts, so that the central
portion of the metallic probe was hollowed out like a flower
(Fig. 1d). At first, major diagonal branches were also ligated
by 6–0 prolene, while the metallic probe was deeply cooled
by liquid nitrogen for 10 min (Fig. 1e). It was pressed
against the anterior wall of the beating heart for 120 s
(Fig. 1f). Fatal arrhythmia was not observed during the pro-
cedure. In both models, animals were gently kept in their
pig cages after their chest was closed. No MMPs died after
any procedures, and did not die until they were sacrificed.

Cardiac function with MRI
Cardiac function was assessed by cardiac MRI prior to
and 1 month after procedures. Systolic function was
evaluated by assessing LVEF (Additional file 2: Video
S1 and Additional file 3: Video S2). Representative im-
ages of the systolic and diastolic ventricles (short axis
view) in both models are shown in Fig. 2a and b. The
LVEF in normal MMP hearts was 50%–60% (n = 15).
resentative figures of diastolic and systolic ventricles in the AMI and
ls. The data was more variable in the AC-induced IHD group. d and e
sed in both groups. *p < 0.05. NS; Not significant
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The LVEF in MMP hearts in the AC group was 41.1 ±
8.0% (n = 7). In contrast, LVEF at 1 month after CI
was 35.8 ± 4.7% (n = 8). The LVEF measured in the AC
model tended to be more variable compared to the
LVEF measured in CI-induced AMI models (Fig. 2c).
LVESV and LVEDV were also evaluated as part of
volumetric analysis (Fig. 2d and e). A month after
induction of AMI or IHD in the 2 models, the left
ventricles appeared dilated as a result of left ventricu-
lar remodeling. (Fig. 2d and e).

Evaluation of scar area in AMI and IHD models
Late gadolinium enhancement of MRI was used to
confirm the scar area in the LV anterior wall. A broad
scar area is visible on the images of MMP hearts in the
CI-induced AMI model (Fig. 3a). The proportion of
scar area in the AMI model (CI group) was 19.4 ± 5.9%.
Fig. 3 Morphological evaluation of infarcted hearts in CI or AC- induced
scar area in both CAD models. The yellow arrows indicate that the scar a
enhancement reveals that the scar area of AC-induced IHD models are m
models. c 2,3,5-Triphenyl-2H-tetrazolium Chloride (TTC) staining of infarct
AMI model also showed transmural MI. The yellow arrows indicate the sca
analysis also confirmed that the scar area of AC-induced IHD models is m
models. *p < 0.05
The average size of the scar area was larger in the AMI
model compared to the IHD model. Moreover, in the AC-
induced IHD model, the proportion of the scar area was
more variable, at 10.3 ± 7.7% (Fig. 3b).
Cardiac sections were stained with TTC for patho-

logical evaluation of the infarcted lesions, and morpho-
metric analysis was performed in both models. In the
AMI models, the left anterior myocardium was ablated
from the epicardium to the inner layers, which resulted
in a thinner scar area (Fig. 3c). The proportion of scar
area in the AMI model was 17.6 ± 4.1%, as determined
by TTC staining. In line with the results of late gadolinium
enhanced area, the average size of the scar area was larger
in the CI-induced AMI model, and the proportion of scar
area in the IHD models was more variable, at 9.17 ± 8.1%
(Fig. 3d). Cardiac sections were also stained with
hematoxylin and eosin, as well as azan stain. Microscopic
CAD models. a Representative figures of late gadolinium enhanced
rea as confirmed by gadolinium staining. b Late gadolinium
ore variable compared to the scar area found in CI-induced AMI
ed hearts was performed to evaluate the scar area. The CI-induced
r area, identified by the absence of TTC staining. d Morphometric
ore variable compared to the scar areas found in the CI-induced AMI
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pathology confirmed that both CAD models successfully
induced AMI (Fig. 4).
These data confirmed that the CI-induced AMI model

was a more stable method to create a HF model.

AC-induced IHD model strongly induced angiogenesis
In the IHD model, AC occluded the proximal region of
the LAD (Fig. 5a). Anatomical features of coronary ar-
teries in 4 AC-induced IHD models were evaluated by
CAG. The proximal LAD was totally occluded in 3 of 4
pigs (Fig. 5b and Additional file 4: Video S3). One pig
had 75% stenosis of the pLAD on CAG (Fig. 5c and
Additional file 5: Video S4). In the hearts from the AC-
induced IHD model, collateral arteries developed in the
distal region of the LAD (arrows in Fig. 5b and c and
Additional file 4: Video S3 and Additional file 5: Video
S4). In contrast, no obvious collateral arteries devel-
oped in the hearts from the CI-induced AMI model
(Fig. 5d and Additional file 6: Video S5). These data in-
dicated that AC, which induced ischemia, resulted in
Fig. 4 Pathological examination and fibrosis of porcine CAD models. Hema
models. Azan staining confirmed fibrosis in the scar area in both models
various degrees of occlusion of the LAD, and caused
collateral arteries to develop.

Pathological evaluation of scar area for angiogenesis in
AMI and IHD models
Sections were also stained with vWF to evaluate micro-
vascular angiogenesis. Increased vasculature was identified
in the scar area of hearts in the IHD models (p < 0.05;
Fig. 6a and b). Immunohistochemistry with α-SMA also
confirmed that increased angiogenesis was occurring in
the scar area in AC-induced IHD models (p < 0.05;
Fig. 6c and d). The pathology data correlated with the
results of CAG. These data confirmed that the AC-
induced IHD model contained more vasculature in the
scar area, but a smaller area of scarring. This resulted
in variation in the exacerbation of HF.

Discussion
We succeeded in establishing models of AMI and IHD in
adult MMPs by using CI and AC, in combination with
toxylin and eosin staining reveals a clearly scar area in both CAD



Fig. 5 Coronary angiography for CI or AC- induced CAD models. a AC apparently occluded the proximal region of the LAD. Scale bar: 1 cm. LAD;
left anterior descending artery. AC; ameroid constrictor. b and c Representative figures with coronary angiography (CAG) of AC-induced infarcted
hearts. AC sometimes failed to occlude the artery completely (red arrow). Note: functional collateral arteries usually developed to bridge collateral from
left main trunk artery to the LAD (yellow arrows). d Representative figure of CAG in a CI-induced infarcted heart. There is no obvious development of a
collateral artery
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diagonal branch ligation. Both models clearly demonstrated
decreased cardiac function a month after induction of AMI
or IHD. In particular, CI consistently decreased cardiac
function to 25–35% of EF, as determined by MRI.
Pathological examination showed that our method solved
the technical problem of inducing CI, as it is sometimes
difficult to create a transmural AMI model. The AC-
induced IHD models caused significant angiogenesis and
development of collateral vasculature, which hampered
stable chronic HF.
In humans, CAD usually develops in adults, but

conventional swine CAD models have used immature
domestic pigs or miniature pigs. In their adult stage,
domestic pigs will reach weights exceeding 300 kg.
Younger domestic pigs or miniature pigs are often
used for medical research worldwide, but it is difficult
to observe these animals over a long period due to
their growth. Even miniature pigs in their adult stage
often weigh over 50 kg, so these models are difficult to
manage for translational research. MMPs are the
smallest swine, but larger than a beagle dog, and thus
are suitable for use in experiments. Therefore, MMPs
have a size that allows for easy handling, and they are
appropriate for use in translational research, even at
mature ages. Furthermore, it is relatively easy to scale
up the dose of therapeutic agents for systemic administra-
tion in MMPs. Because their use enables long-term obser-
vation, induction of traditional cardiovascular risk factors,
such as hypertension and diabetes mellitus, can be a fu-
ture focus of research with MMPs.
Several CAD models were reported in swine. Micro-

embolization, coronary artery ligation, balloon inflation,
coil deployment, AC, and CI have been used for porcine
MI/reperfusion models [12, 17–21]. Each model has
advantages and disadvantages. In coronary ligation of
the LAD, it is difficult to induce infarction areas of the
same size. If the coronary arteries are occluded at the
LAD, it often causes ventricular fibrillation which results
in sudden death [22]. Coil embolization and balloon
inflation is needed to assess the anatomy of coronary
arteries through CAG, in order to select the appropriate
arteries because occlusion of the proximal arteries leads
to ventricular fibrillation. The complexity of these tech-
niques restricts the institution to create swine models of



Fig. 6 Pathological assessment of neovascularization in AC-induced IHD and CI-induced AMI models. a and b von Willebrand factor was stained
to detect neovascularization. von Willebrand factor-positive cells are more dominant in the AC-induced IHD model (NS; Not significant. *P < 0.05).
c and d α-SMA was also stained to detect smooth muscle cells. There is significant difference of α-SMA-positive vessels in scar area between both
models (Not significant. *P < 0.05)
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AMI. We found that even with the use of CAG, micro-
embolization frequently resulted in ventricular fibrilla-
tion and the mortality was 75% (n = 4). Therefore, LCX
was often used as the main target vasculature for these
procedures. However, LCX occlusion induces only small
AMIs, and it resulted in lateral-posterior wall infarction.
Consequently, it is difficult to establish significant HF
from the small infarction area caused by LCX occlusion.
Compared to anterior wall infarctions, the lateral-posterior
infarcted area was also difficult to approach for treatment,
such as with cell transplantation. Therefore, LAD occlusion
is necessary to establish significant HF via CAD, for transla-
tional research.
Because of such difficulties in creating swine models

of AMI, ACs were popular to make a IHD model [23],
even though LCX occlusion was more popular than
LAD, as well. AC squeezes a coronary artery gradually
for approximately 1 month, which eventually leads to
ischemic cardiomyopathy. The longer observation of
AC-induced IHD will be also useful to study the IHD-
induced remodeling effect. It is difficult to control the
infarction size through this technique because collateral
arteries develop in some swine, and significant HF cannot
be established [17]. In contrast, the CI-induced AMI
model is a very popular technique for small animals, but
not in swine, because of the large size of the pig heart. CI
would have to be conducted several times, which makes it
difficult to control the size of infarction. The heart size of
a MMP measured 5 cm in diameter (70 g), so the MMPs
were suitable for CI. Only one time procedure was enough
to make AMI model. The other challenge in creating the
CI-induced AMI model was the difficulty in inducing
transmural infarction. The additional ligation of diagonal
branches was very effective to induce transmural infarc-
tion but not ventricular tachycardia. In the CI-induced
AMI model, collateral artery development was poor and
there was significantly less angiogenesis compared to the
AC-induced IHD model. Such a distinct difference in
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vascularization suggests that the CI model established
stable chronic HF in swine.
Female pigs were used for this study because our CAD

models were experimentally induced. The characteristics
of CAD in women are different from those in men. Women
have more severe CAD risk factors, a higher prevalence of
angina, a lower burden of obstructive CAD, and a poorer
prognosis [24]. Therefore, sex is an important factor, if
traditional CV risk factors and long-term prognosis are
the focus of study.

Conclusions
AMI and IHD models were established in MMPs. MMPs
are useful animals for translational research to treat CAD.
These techniques and suitable animals for translational
research will allow for the study of new therapeutic strat-
egies for severe HF, such as stem cell therapies and gene
therapy, and advance the development of new device and
surgical procedures.

Limitations of the study
MMPs were used for all experiments; thus the results may
differ from those obtained using other swine. AC-induced
IHD were different from cardiovascular risk factor-induced
IHD, so they could have different pathogenesis. As only
females were used in this study, research on sex-specific
characteristics of CAD requires use of both male and
female pigs. The observation period was 4 weeks in this
study, and longer observation will be necessary to investi-
gate the remodeling effect of CAD.

Additional files

Additional file 1: Figure S1. (A) Growth curves of the MMPs. Both
males and female swine weighed 10–20 kg at 6 months after birth. (B
and C) The heart size of MMP was much smaller than that of a farmer
pig. (PNG 1549 kb)

Additional file 2: Video S1. Cardiac MRI of AC-induced IHD model.
(MOV 7402 kb)

Additional file 3: Video S2. Cardiac MRI of CI-induced AMI model.
(MOV 6641 kb)

Additional file 4: Video S3. CAG of AC-induced IHD model (AC
completely occluded the artery). (MOV 4582 kb)

Additional file 5: Video S4. CAG of AC-induced IHD model (AC failed to
occlude the artery). (MP4 6070 kb)

Additional file 6: Video S5. CAG of CI-induces AMI model. (MOV 1841 kb)
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