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Abstract

Introduction: Murphy Roth Large (MRL) mice have a remarkable regenerative capacity. A recent report demonstrated rapid cardiac
healing in these mice following cryogenically induced right ventricular injury, suggesting the potential for new regenerative therapies to
restore cardiac function in mammals. We therefore evaluated the cardiac regenerative wound-healing response and functional recovery of
MRL mice in response to a clinically relevant left ventricular coronary ligation. Methods: Female MRL/MpJ+/+ and C57BL/6 mice
underwent left coronary artery ligation. Cardiac function was evaluated by echocardiography at Days 0, 5, 15, and 60. At Day 96, invasive
hemodynamics were assessed by pressure–volume loops using a Millar catheter. Hearts were perfusion fixed for histomorphometric analysis
at Days 5, 15, and 96. Some hearts were fresh frozen at Days 5 and 15 for immunohistochemical analysis and digital quantitation of blood
vessel density (CD31) and cellular proliferation (Ki67). Results: MRL mice healed ear punch wounds (89% reduction in area) more
extensively than C57BL/6 mice (28% reduction in area) but did not differ functionally from C57BL/6 animals before or after coronary
ligation. In addition, blood vessel density and cell proliferation were similar between the two strains. Conclusions: Although MRL mice
rapidly healed ear injury, they did not exhibit regeneration of the left ventricle or enhanced functional improvement in response to coronary
ligation. The prospect of cardiac regeneration after myocardial infarction will require further studies designed to elucidate the possible
mechanisms of functional restoration. © 2008 Elsevier Inc. All rights reserved.
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1. Introduction

In contrast to the regeneration model observed in zebra
fish and newts [1], the traditional paradigm for cardiac
healing in mammals suggests that the mammalian heart
undergoes repair, but not regeneration, after injury. This
repair process includes an inflammatory response followed
by a wound-healing response to maintain the structural
integrity of the tissue. Adverse remodeling may compromise
the healing of the infarct scar, resulting in cardiac thinning,
dilatation, and dysfunction [2–4]. Understanding the
mechanisms responsible for complete healing of a myocar-
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dial infarction (MI) may permit the identification of
therapeutic targets to restore function to the heart [5,6].

The Murphy Roth Large (MRL) mouse has a documented
capacity to heal ear punch wounds [7,8]. In 2001, Leferovich
et al. [9] demonstrated that adult MRL hearts can rapidly heal
an infarct caused by cryoinjury of the right ventricle. The
remarkable wound-healing capacity of the MRL mouse
suggested promising research directions to determine
potential therapies that could be applicable to humans. The
purpose of the present study was to determine if MRL mice
could rapidly repair an infarct induced by left coronary artery
ligation and restore cardiac function in a model of ischemic
MI. In agreement with other reports [10,11], we found that
the MRL heart does not regenerate after ischemic injury.
Unique to this study were an extensive assessment of cardiac
function and a description of cell proliferation and blood
vessel density compared to C57BL/6 mice.
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Fig. 1. Ear wound healing is enhanced in MRL. (A) In C57BL/6 mice, ear
hole areas were 1.63±0.26 mm2 (Day 15) and 1.90±0.44 mm2 (Day 96),
indicating that wound size remained unchanged between Days 15 and 96.
Alternatively, in MRL mice, ear hole areas were 1.00±0.34 mm2 (Day 15,
Pb.05) and 0.27±0.16 mm2 (Day 96, Pb.001), indicating an enhanced
wound repair response. *Significant differences between strains at each time
point. (B) Representative images of C57BL/6 and MRL ears, illustrating for
each group holes punched at time of sacrifice (control) and 96 days earlier
(Day 96).
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2. Materials and methods

2.1. Animals

Female MRL/MpJ+/+ (Stock No. 000486) and C57BL/6
mice at 8–10 weeks of age were purchased from Jackson
Laboratories (Bar Harbor, ME). After acclimatization, mice
underwent surgery and were maintained under standard
conditions until echocardiography and sacrifice.

2.2. Surgical protocol

The Animal Care Committee of the University Health
Network approved all experimental procedures according to
the Guide for the Care and Use of Laboratory Animals (the
National Academy Press, revised 1996). Left coronary artery
ligation was performed as previously described [12]. At the
end of the surgery, the left ear was punched in the central 200
position. At the time of sacrifice, the right ear was punched in
the central 100 position to determine wound closure.

2.3. Echocardiography

Echocardiography was performed before sacrifice at Days
0, 5, 15, and 60 after MI (n=5–6 animals per group per time
point) as previously described [13]. Fractional shortening
(%FS), ejection fraction (%EF), and fractional area change
(%FAC) of the left ventricle (LV) were calculated as follows:
FS (%)=[(LVEDd−LVEDs)/LVEDd]×100, EF (%)=
[(LVEDd2−LVEDs2)/LVEDd2]×100, and FAC (%)=
[(LVEAd−LVEAs)/LVEAd]×100.

2.4. Pressure–volume loop analysis

At baseline and on Day 96 after MI, cardiac function was
evaluated in five mice from each strain using a microman-
ometer/conductance catheter (1.4-French catheter, SPR-839
Millar Instruments), as previously described [12]. Ejection
fraction, end-systolic and end-diastolic pressures and
volumes, and minimal and maximal dP/dt were recorded.

2.5. Morphometry and histology

Mice from both strains were sacrificed at Days 5, 15, and
96 after MI and processed as previously described [12].
Hearts were perfusion fixed and cut into 1-mm-thick sections
from the base of the heart to the apex. Digital images were
taken with a Nikon Coolpix 990 Camera. Using computer
software (Image J), we made point measurements to
determine infarct area, infarcted LV free wall (LVFW)
thickness, and LV volume. The infarct area was calculated by
measuring the infarcted LVFW on the epicardial and
endocardial surfaces, averaging the two values, and multi-
plying the values by the total number of millimeters of
infarcted myocardium. Infarct thickness values were derived
from three measurements taken at the thinnest point of the
infarcted myocardial LVFW. These values were averaged
and normalized using measurements from noninfarcted
hearts. To determine LV volume, we measured the inner
area of the LV chamber cavity. This area was multiplied by
the number of 1-mm2 coronal sections from the base to the
apex of the heart. To establish the mean, we measured four to
five hearts per time point per strain as described above and
averaged them. Data were normalized to noninfarcted
(control) hearts from each respective strain.

Following fixation, 1-mm sections were embedded in
paraffin wax, cut into 5-μm-thick sections, and stained with
hematoxylin and eosin (H&E) and Mason's Trichrome
(MT). Sections were scanned using the Aperio Virtual
Microscope Digital Scanning System (Aperio Systems, CA,
USA). LV cavity, LV chamber area, and septal and infarct
thicknesses were measured for each tissue block section from
each animal (n=3 per time point), using Image J software
(National Institutes of Health, MD, USA). The expansion
index (EI) was calculated as previously described [3,14]: EI=
(LV cavity area/LV area)×(septal/infarct thickness).

2.6. Immunohistochemistry

Fresh frozen samples obtained from each strain at Days 5
and 15 after MI (n=3 per time point per strain) were prepared
as previously described [12] and used for immunohisto-
chemical staining with anti-Ki67 (Dako, Mississauga, ON,
Canada) and anti-CD31 (Santa Cruz Biotechology, Santa
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Cruz, CA, USA) antibodies. Slides (two sections per slide)
were scanned using the Aperio system. Images were
acquired at ×80 from five fields of view per area (border
or infarct) and imported into Image J software. Ki67+ nuclei
were counted using Image J software and expressed as a
percentage of the total number of nuclei per infarct or border
zone. To estimate blood vessel density, we examined five
high-power fields of view per border and infarct zone using
the Aperio system. CD31+ blood vessels were counted and
Fig. 2. Cardiac function is not restored in MRL mice after LAD ligation. (A and
chamber through several cardiac cycles in C57BL/6 (A) and MRL (B) mice. (C–E)
(%EF, C), fractional shortening (%FS, D), and functional area contraction (%FAC,
volume measurements indicated that end-diastolic volume increased between Da
differences were found between strains or the interaction of strain and time (F; Pb
between the two strains. *Significant difference.
averaged per region and expressed as the number of blood
vessels per high-power field.

2.7. Statistics

Data are presented as mean±SEM. Statistical comparisons
between the two groups were carried out using unpaired two-
tailed nonequal variance Student's t tests. Time-course and
multigroup comparisons were carried out using analyses of
B) Representative M-mode images 60 days after ligation, showing the LV
Echocardiographic measurements revealed no differences in ejection fraction
E) between the two strains over 60 days after ligation (MI). (F–L) Pressure–
ys 0 and 96 after ligation in MRL mice only (F, Pb.05) with time but no
.05). All other hemodynamic measurements (G–L) revealed no differences
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variance. Bonferroni or Neuman–Keuls posttest analyses
were used to detect differences between groups. Differences
were considered statistically significant at Pb.05.

3. Results

3.1. MRL mice have an enhanced capacity to heal ear
punch holes

We tested the ability of MRL mice to close ear punch
holes as previously described [15]. At Days 15 and 96, the
ear punch hole areas were 1.00±0.34 and 0.27±0.16 mm2,
respectively (in MRL mice), compared to an original 2.48±
0.35 mm2. This reduction was significantly enhanced in
comparison to C57BL/6 mice, which had ear punch hole areas
of 1.63±0.26 and 1.90±0.44 mm2 at the same time points,
compared to an original 2.65±0.21 mm2. These results
confirmed that the MRL mice exhibited the well-established
ear punch healing phenotype (Fig. 1).

3.2. MRL mice do not recover cardiac function following MI

Cardiac function was evaluated using echocardiography
on Days 0, 5, 15, and 60 (Fig. 2A–E). Values for %EF, %FS,
and %FAC did not differ between MRL and C57BL/6 mice.
Invasive hemodynamics were measured using a pressure–
volume catheter at baseline and on Day 96 after MI. The
invasive measurements of cardiac function (Fig. 2F–L) were
also similar between strains. The echocardiographic analysis
and the invasive hemodynamic data revealed no differences
in diastolic compliance or systolic elastance. However, these
trends may reflect differences in the loading conditions (end-
diastolic diameter, Fig. 2L; Pb.05).

3.3. MRL and C57BL/6 mice repair, but do not regenerate,
the injured LV

In all mice examined, left coronary artery ligation
produced large infarcts in the anterolateral wall of the LV
(Fig. 3A and B). A time-course analysis of heart sections
stained with H&E and MT over 96 days after MI suggested
that myocardial healing occurred similarly in both strains
(Fig. 3C–N). MRL and C57BL/6 mice appeared to heal the
infarcted region via collagen deposition (blue staining in
MT-stained sections), loss of muscle (decreased red staining
in MT-stained sections), and increased thinning with time.
Histomorphometric analysis revealed no differences between
MRL and C57BL/6 mice in infarct area, infarct thickness,
LV volume, or EI at any time point, although infarct
thickness data approached significance (P=.056; Fig. 4).

3.4. MRL and C57BL/6 mice show similar blood vessel
densities following MI

Increasing angiogenic events in the infarct and border
zones after MI may decrease cardiomyocyte apoptosis,
salvage viable myocardium, reduce collagen production, and
improve cardiac function [16]. As an estimation of the total
blood vessel density at Days 5 and 15 after MI, we therefore
evaluated the number of CD31+ structures in these regions.
CD31 staining revealed no significant differences between
strains in the total number of CD31+ blood vessels within the
border zone (PN.05) or the infarct zone (PN.05) at these time
points (Fig. 5).

3.5. MRL and C57BL/6 mice show similar levels of cellular
proliferation following MI

Cellular proliferation may be one mechanism for the
repopulation of the infarcted segment. To detect possible
differences in post-MI regeneration between C57BL/6 and
MRL mice, we evaluated total cell proliferation at Days 5
and 15 after MI. These two time points have been previously
found to be important in myocardial infarct repair in mice [3]
and also correspond to those used in an earlier study [9].
Ki67 immunohistochemistry revealed no significant differ-
ences between strains in the percentage of Ki67+ nuclei
within the border zone (PN.05) or the infarct zone (PN.05) at
these time points (Fig. 5).
4. Discussion

The MRL mouse has been shown to have an increased
cardiac regenerative capacity [9,17,18], which might permit
the development of new therapies to restore ventricular
function after an MI. We elected to study the MRL
regenerative response to chronic ischemia by inducing MI
via a permanent LAD ligation of the LV. Although permanent
LAD ligation is not equivalent to an MI in patients, it may
be more clinically relevant than cryoinjury. Through
extensive histological study, we found that the repair of an
ischemic LV injury progressed similarly in MRL and
C57BL/6 mice. The main goal of cardiac regeneration is
functional restoration of the heart, which was the main focus
of this study. We employed both echocardiography and
pressure–volume loop analyses and were unable to detect
enhanced ventricular function in MRL mice compared to
C57BL/6 mice following left coronary artery ligation.

Our results demonstrating the limited regenerative
capacity of the LV in the MRL mouse after ischemic injury
causingMI are in agreement with the reports ofAbdullah et al.
[10] andOh et al. [11]. Abdullah et al. found no difference in
the size of the LV scar after transient coronary occlusion
between the MRL and C57BL/6 strains. However, they did
not evaluate the restoration of ventricular function [10]. Oh
et al. [11] reported similar LV infarct sizes in MRL mice
that received permanent coronary ligation compared to
controls and confirmed their histological findings with
similar infarct size measurements derived from magnetic
resonance imaging performed at 25–35 and 95–116 days
after infarction. They found no differences in the thinning
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and dilatation of the LV after coronary ligation, with similar
histological evidence of fibrosis and scar formation.
However, the Oh et al. study lacked C57BL/6 mice as
controls, and they did not evaluate cardiac function.

The previous reports complement the current study and
provide additional evidence that MRL mice do not
regenerate their hearts after an MI. However, our study is
the first to incorporate wild-type animals as controls and a
long-term assessment of ventricular function after coronary
ligation. In addition to our demonstration of comparable
cardiac function in MRL mice compared to C57BL/6 mice,
we found no differences between the strains in “secondary
reparative mechanisms” such as increased blood vessel
density (suggesting angiogenesis) or increased Ki67+ nuclei
(suggesting enhanced cell proliferation).

Several noteworthy differences exist between the current
study and the earlier study that reported myocardial regenera-
tion following cryoinjury inMRLmice [9]. First, we examined
a different mode of injury. Cryoinjury creates a uniform,
homogeneous scar that may be healed more readily in these
mice. Second, we did not evaluate the response to injury of the
right ventricle, which may regenerate more rapidly in MRL
mice. Finally, we did not determine the phenotype of the
proliferating cells, and we therefore cannot discount the
possibility that a subset of these cells were cycling
cardiomyocytes. However, although an assessment of cell
phenotype-specific proliferation would have been useful,
repopulation in the infarct region can be qualitatively
evaluated via a study of the MT-stained sections. In this
study, no repopulation of the infarct region was detected.
Repopulation would have been indicated by the gradual
disappearance of the developing scar (collagen deposition
stained blue by MT) and the gradual increase of cardiomyo-
cytes (red MT staining). Nevertheless, we suspect that large-
scale cardiomyocyte proliferation, if it occurred in our model,
would have improved ventricular function by 96 days post-MI.

The finding that MRL mice healed an ear hole injury but
not a cardiac injury induced by coronary ligation suggests
Fig. 4. Quantitation and analysis of histomorphometric parameters. (A–D)
No significant differences in infarct area (A), infarct thickness (B), LV
volume (C), or EI (D) were found between C57BL/6 and MRL mice at any
time point over 96 days following coronary ligation (MI). Infarct thickness
approached statistical significance at P= .056.

Fig. 3. Histomorphometry of C57BL/6 versus MRL mouse hearts. MRL
mouse hearts were unremarkable in comparison to those of C57BL/6 mice.
(A and B) Representative low-magnification micrographs of noninfarcted
C57BL/6 (A) and MRL (B) mouse hearts. (C–F) Representative low-
magnification micrographs of H&E- and MT-stained serial heart sections at
5 days after ligation, demonstrating loss of cardiomyocytes and deposition
of collagen in the infarct zone (orange box) and border zone (yellow box) in
both strains. High-magnification images of the highlighted areas of the
border zone (C1, D1, E1, and F1) and infarct zone (C2, D2, E2, and F2) are
displayed beneath. (G–J) At 15 days after ligation, both strains showed
infarcts that progressed with a prominent collagenous area visible in both the
border zone (G1, H1, I1, and J1) and infarct zone (G2, H2, I2, and J2). (K–
N) By 96 days after ligation, increased thinning of the LVFW was evident
from the border zone (K1, L1, M1, and N1) through the infarct zone (K2, L2,
M2, and N2). Few cardiomyocytes remained in the infarcted region, which
consisted largely of collagen (indicated by blue-green MT staining; L2 and
N2). These changes were observed in both strains, suggesting that MRL
mice repair the infarct region in a manner similar to that observed in C57BL/
6 mice.



Fig. 5. Quantitation and analysis of blood vessel density and cell proliferation. (A–D) Representative micrographs of serial heart sections obtained from MRL
and C57BL/6 mice at 5 days after coronary ligation (MI), indicating the locations of the infarct zone (orange box) and border zone (yellow box)
Immunohistochemical staining with anti-CD31 (A and B) and anti-Ki67 (C and D) antibodies revealed no notable differences between strains in the number o
CD31+ structures or Ki67+ nuclei (arrowheads) in the border zone (A1, B1, C1, and D1) or infarct zone (A2, B2, C2, and D2). (E–H) At 15 days after MI, simila
micrographs of tissue stained with anti-CD31 (E and F) or anti-Ki67 (G and H) revealed no differences between strains in the number of CD31+ structures o
Ki67+ nuclei (arrowheads) in the border zone (E1, F1, G1, and H1) or infarct zone (E2, F2, G2, and H2). (I–L) Quantitation of CD31+ structures in the borde
zone (I) and infarct zone (J) revealed no differences between strains in the number of blood vessels in these regions at 5 and 15 days after MI. Similarly
quantitation of Ki67+ nuclei in the border zone (K) and infarct zone (L) revealed no differences between strains in the percentage of proliferating cells in these
regions at 5 and 15 days after MI. HPF=high-power field. All P values for strain and interaction were greater than .05.
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that regeneration might proceed differently in different
organs and with different modes of injury. This hypothesis
is supported by a recent report comparing healing in the
C57BL/6, Balb/c, and MRL strains. In that report, Colwell
et al. [19] found that MRL mice have the enhanced ability to
heal cartilaginous wounds but that dorsal cutaneous wound
healing is similar to that in C57BL/6 and Balb/c mice with
dermal collagen deposition and scar formation. Under-
standing the differing mechanisms responsible for healing
the ear, the dorsal skin, and the heart could help us to identify
therapeutic targets that may induce cardiac regeneration
following an MI.

In summary, MRL mice cannot restore cardiac function
following an ischemic injury leading to infarction of the LV,
perhaps due to a lack of heightened reparative mechanisms
(including cellular proliferation and blood vessel formation)
that have been demonstrated in the right ventricle of these
mice. Elucidating the mechanisms of cardiac regeneration at
the genetic, molecular, and protein levels by comparing
ischemic and cryoinjury in both ventricles may unlock new
therapeutic targets that could be exploited to prevent heart
failure following an MI.
5. Summary

MRLmice possess a remarkable capacity for regeneration
following cryogenically induced right ventricular injury. We
evaluated MRL left ventricular regeneration, cardiac histol-
ogy, and function using a clinically relevant model of
permanent coronary ligation. We found no evidence of
cardiac regeneration in this model. Instead, MRL hearts
exhibited prominent transmural infarcts with no repopulation
by cardiomyocytes and did not recover ventricular function.
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