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Abstract
The Murphy Roths Large (MRL) mouse, a strain capable of regenerating right ventricular
myocardium, has a high post-myocardial infarction (MI) survival rate compared with C57BL/6J
(C57) mice. The biological processes responsible for this survival advantage are unknown. To
assess the effect of genetic background, the LG/J strain, which harbors 75% of the MRL
composite genome, was included in the study. The MRL survival advantage versus C57 mice
(92% vs. 68%, P < 0.05) occurred primarily in the first 5 days; LG/J survival was intermediate (P
= NS). Microarray data analysis revealed an attenuation of apoptotic (P < 0.05) and stress
response transcripts in MRL hearts compared with C57 hearts after MI. Supporting the microarray
results, there were fewer TUNEL-positive cells 1 day post-MI in MRL infarcts compared with
C57 infarcts (P = 0.001) and fewer CD45-positive cells in the MRL infarct border zone 2 days
post-MI (P < 0.01). LG/J results were intermediate (P = NS). MRL hearts had smaller infarct scars
and attenuated ventricular dilation 30 days post-MI compared with C57 hearts (P < 0.05). We
conclude that the early post-MI survival advantage of MRL mice over the C57 strain is mediated
at least in part by reductions in apoptosis and inflammatory infiltration, and that these reductions
may influence chronic remodeling. The intermediate survival, apoptosis and inflammation profile
of LG/J mice suggests this high tolerance for MI in the MRL could be derived from its shared
genetic background with the LG/J.
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Introduction
Heart disease remains the leading cause of death in the industrialized world, with
myocardial infarction (MI) as one of its major causes. Because of the limited self-renewal
capability of cardiac myocytes, wound repair consists largely of replacing necrotic
myocardium with collagenous scar tissue (Pfeffer et al., 1979; Pfeffer & Braunwald, 1990).
Early complications can include pump failure and myocardial rupture, the latter accounting
for up to 10% of acute mortality (van den Borne et al., 2009). Chronically, large infarcts
cause progressive ventricular dilation (Pfeffer et al., 1991), leading the heart into a “vicious
cycle” of decompensation and eventual failure.

The MRL mouse has emerged as an intriguing model to study regenerative cardiac healing.
Bred as a wildtype control for the lymphoproliferative MRL-Faslpr, the MRL/MpJ was
generated through a series of crosses with LG/J (75%), AKR/J (12.6%), C3H/HeDi (12.1%),
and C57BL/6J (0.3%). Its potential for regenerative healing was discovered when ear hole
punches used for colony marking healed rapidly and closed fully within 30 days, with
complete replacement of normal tissue architecture (Clark et al., 1998). The LG/J shares this
fast-healing trait (Li et al., 2001; Blankenhorn et al., 2009), though ear punch wounds of
male mice do not close completely (Blankenhorn et al., 2009).

Leferovich and colleagues (2001) were the first to report that MRL mice are capable of
regenerating right ventricular (RV) myocardium after cryoprobe injury. In contrast to RV
cryoinjury, large-scale regeneration of left ventricular (LV) myocardium was not observed
after ischemia-reperfusion (Abdullah et al., 2005) or permanent coronary ligation (Oh et al.,
2004; Naseem et al., 2007; Cimini et al., 2008; Grisel et al., 2008; Robey & Murry, 2008).
However, one group (Naseem et al., 2007) reported the presence of myocytes undergoing
cell division in the infarct border zone, as well as significantly increased chronic survival
compared with C57BL/6J (C57) controls. The reasons for these differences are unknown.

The purpose of the present study was to elucidate the biological processes responsible for
increased post-MI survival in the MRL, and to investigate whether its major parental strain,
the LG/J, also displays heightened survival and healing traits. Here we show that increased
acute survival in MRL mice post-infarct results from the absence of ventricular rupture, and
may be a consequence of decreased apoptosis and inflammatory infiltration compared to the
C57. The LG/J is also susceptible to rupture but has survival, apoptosis, and inflammation
characteristics intermediate between the C57 and the MRL. Chronically, MRL hearts heal
with reduced infarct scar size and indices of LV dilation and infarct expansion compared
with C57 hearts.

Materials and Methods
Ethical approval

Male C57BL/6J, MRL/MpJ, and LG/J mice were obtained from the Jackson Laboratories
and housed in a vivarium according to institutional guidelines. Animals were between 15
and 21 weeks old at the time of surgery. All animal studies and husbandry were conducted
under approved University of California, San Diego Animal Subjects protocols in
AAALAC-approved facilities.
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Myocardial infarction surgery
Coronary artery ligation surgery was performed as described previously (Campbell et al.,
2008). Briefly, animals were intubated, mechanically ventilated, and left thoracotomy was
performed under inhalant isoflurane anesthesia (induced at 5% and maintained at 2% in
100% oxygen). Buprenorphine (0.1 mg/kg) was given subcutaneously after intubation as a
postoperative analgesic. The left coronary artery was ligated with a 7-0 silk suture. The
appearance of paleness distal to the suture confirmed ischemia. Animals were rehydrated
with warm saline, removed from the ventilator, and allowed to recover on a water-
circulating heating pad with access to oxygen. After regaining consciousness, mice were
transferred to a clean cage and monitored for signs of distress. An additional dose of
buprenorphine was given the following day if indicated.

Survival studies
The MI procedure described above was performed on C57, MRL, and LG/J mice. Subsets of
all three strains that were sacrificed after 1, 2, 3, 5, or 30 days became censored subjects in a
Kaplan-Meier survival analysis. Deaths were recorded on a daily basis. Hearts of animals
surviving the MI procedure were excluded from the study if the ligature was outside a
predetermined tolerance distance from the left atrium when MI was present, or if visual
inspection revealed only trace ischemia, indicating unsuccessful ligation. Therefore, the
number of animals entered into the Kaplan-Meier analysis is smaller than the number that
survived the procedure.

Initial infarct size
Animals were anesthetized with isoflurane, and maintained at 5% to ensure deep anesthesia.
A thoracotomy was performed, the heart was removed, and immersed in an ice-cold,
hyperkalemic Krebs-Henseleit buffer containing 2,3-butanedione monoxime (BDM, Sigma).
To delineate the area at risk, the heart was retrograde perfused with 1% Evans Blue dye.
LVs were cut into 1 mm slices and incubated in buffered 2,3,5-triphenyl tetrazolium
chloride (TTC, Sigma) at 37°C for 20 minutes, then fixed overnight in 10% zinc formalin
(Electron Microscopy Sciences) or 4% paraformaldehyde. Infarct size was expressed as the
ratio of total infarct area (pale color) to total tissue area. For hearts also stained with Evans
Blue, infarct size was normalized to the area at risk, defined as the sum of the infarct area
and the area of myocardium that stained red but not blue.

Hemodynamic measurements
One day after the MI procedure, animals were anesthetized intraperitoneally with a mixture
of ketamine (100 mg/kg) and xylazine (10 mg/kg), intubated, and mechanically ventilated
with 100% oxygen as described above. Depth of anesthesia was determined every 30
minutes using a toe pinch stimulus, and a maintenance dose was given if needed. A 1.4F
MikroTip catheter (Millar Instruments) was advanced into the LV through the right carotid
artery. Invasive baseline hemodynamic measurements were obtained using the catheter
connected to a control unit (Millar Instruments) and a data acquisition board (National
Instruments). Hemodynamic parameters were calculated with PVAN software (Millar
Instruments).

Histology and immunohistochemistry
Hearts were harvested as described above, and the ventricles were either fixed in 10% zinc
formalin for 24 hours and embedded in paraffin, or fresh frozen in Optimal Cutting
Temperature (OCT) compound (Tissue-Tek). For hearts isolated on day 2 post-MI, 10-μm
sections were obtained at the midventricular level and stained for CD45 (BD Biosciences
primary antibody) (Heymans et al., 1999). Nuclei were counterstained with hematoxylin. 6–
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7 non-overlapping images covering both infarct border regions for each heart were obtained
(AxioCam HRc with AxioVision software). Blinded observers counted the number of
CD45+ cells in each image. Data are reported as the number of CD45+ cells per mm2 of
tissue.

Gelatin Zymography
Samples were homogenized in 10 mM HEPES, pH 7.5, 150 mM NaCl, 0.2 mM EDTA, 25%
glycerol, with protease inhibitor cocktail (Sigma). Samples (10 mg of protein) were loaded
onto a 10% SDS-PAGE gel substituted with 0.1% gelatin and then stained with 0.5%
coomassie blue. MMP-9 protein standards (Chemicon) were loaded on all gels. Bands of
MMP-9 gelatinolytic activity were digitally quantified with Image J and normalized to
standards.

Infarct size quantification and morphometric measurements
For hearts isolated on day 5 or day 30 post-MI, 8–10 evenly spaced sections from apex to
base were stained for infarct size measurement. Day 5 post-MI hearts were stained with
H&E or Masson’s trichrome, and day 30 post-MI hearts were stained with Masson’s
trichrome. Infarct size was determined using an endocardial perimeter measurement method
modified from Pfeffer et al. (1979). LV dilation and infarct expansion indices (Boyle &
Weisman, 1993; Reffelmann et al., 2003) were calculated for the day 30 post-MI hearts.
Infarct thickness was measured in stained sections for day 5 and day 30 post-MI hearts.

Apoptosis detection and quantification by TUNEL assay
Twenty-four hours after MI, mice were sacrificed and the hearts were frozen in OCT as
described above. Apoptosis detection was performed by a Terminal deoxynucleotidyl
Transferase (TdT) dUTP Nick End Labeling (TUNEL) assay (CardioTACS In Situ
Apoptosis Detection Kit, R&D Systems). Approximately 20 randomly chosen, non-
overlapping images covering the infarct and border regions were acquired using a × 40
objective. Blinded observers counted the number of TUNEL-positive nuclei and TUNEL-
negative nuclei in each image. Only those TUNEL-positive nuclei closely associated with
myocytes were counted. An apoptotic index, expressed as percent TUNEL-positive nuclei to
total nuclei, was calculated for each heart.

Gene expression analysis using MOE430A microarrays
Animals were anesthetized with isoflurane as described above, and a thoracotomy was
performed. The heart was removed and arrested, and the right ventricle was quickly
dissected away. LV infarct (including the border zone) and non-infarct areas were carefully
separated. Tissue pieces were separately snap-frozen in liquid nitrogen and stored at −80°C.
Total RNA was isolated by Berlex Biosciences (Richmond, CA; now Bayer HealthCare
Pharmaceuticals) and shipped to Expression Analysis, Inc. (Durham, NC) for hybridization
to Affymetrix MOE430A microarrays.

Comparisons, statistical analysis and HOPACH clustering
Affymetrix CEL files were quality controlled with R (www.r-project.org) packages
available from the Bioconductor (Gentleman et al., 2004) website (www.bioconductor.org).
Two arrays were excluded due to hybridization anomalies. Expression data are available at
the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/) under the accession number
GSE19322. The gcRMA package (Wu & Irizarry, 2004) was used to generate log2
expression signal values. Two separate sets of moderated F-statistics (Smyth, 2004) were
generated with the limma package to determine if genes were differentially expressed (i.e.,
had significant interaction P values) between C57 and MRL samples in the infarct or the
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non-infarct regions across the time course (0, 1, and 5 days post-MI). Limma uses linear
models to analyze expression datasets (Smyth, 2004). The data set was filtered for
interaction P < 0.05 in either the infarct or the non-infarct regions (1005 probe sets) and at
least a 50% fold change in any comparison of baseline to post-infarct time for each genotype
(MRL, C57) for each region (infarct, non-infarct), including baseline expression differences
between the two mouse lines (739 probe sets). These were filtered to remove duplicate gene
symbols (688 probe sets), and were then clustered using the HOPACH clustering algorithm
(van der Laan & Pollard, 2001).

MAPPFinder results
Second-level clusters obtained using the HOPACH algorithm were annotated with Gene
Ontology (GO) terms (www.geneontology.org) using the MAPPFinder program (Doniger et
al., 2003). These results were filtered to include terms with at least 3 changed genes and a Z
score of 2 or greater (approximately equivalent to P < 0.05). Groups of parent-child
relationships were identified and reduced so that only the term with the highest Z score is
reported.

Real-time quantitative RT-PCR
Isolated hearts with and without MI were separated as described above, and infarct and non-
infarct areas were stored separately in RNALater (Qiagen). Total RNA was isolated using
the RNeasy Midi kit (Qiagen). cDNA was synthesized from 100 ng of RNA using
SuperScript II reverse transcriptase (Invitrogen). Oligo(dT)12–18 was used as a primer. Real-
time quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was performed
(Applied Biosystems 7300) using 90 ng of cDNA per reaction. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal control. Fold induction or repression was
calculated relative to uninjured (day 0) controls of the same strain and region after adjusting
for GAPDH expression, using the comparative Ct (ΔΔCt) method (Ashton & Headrick,
2007).

Statistics
Data were analyzed using GraphPad Prism 5 software. Survival curves were generated
according to the Kaplan-Meier method, and a logrank test was used to check for differences
between strains. To account for animals that were sacrificed on or before 5 days post-MI, 5-
day rupture rates for all 3 strains were calculated using a separate Kaplan-Meier analysis,
where “death” events were rupture deaths only. Data including 3 or more groups were
analyzed by the Kruskal-Wallis statistic and Dunn post-hoc tests or two-way ANOVA and
Bonferroni post-hoc tests. Two-group analysis was performed using an unpaired, two-tailed
t-test. Surgical outcomes data were analyzed using a Chi square test. The significance level
was set at α = 0.05. All data are reported as mean ± S.E.M.

Results
MRL mice have a survival advantage compared to C57 mice

A Kaplan-Meier survival analysis of all 3 strains showed that MRL mice had a marked
survival advantage over C57 mice, and that most of this difference occurred in the first 5
days post-MI (Fig. 1). LG/J survival also dropped after 5 days, to a rate between the C57
and MRL strains, but the difference was not statistically significant. The cause of death in 17
of the 21 C57 and both of the 2 LG/J mice that died during this period (see Table 1) was left
ventricular rupture, determined by the presence of blood in the chest cavity at necropsy. The
5 MRL animals that died in the first 5 days appeared to succumb to pulmonary edema,
diagnosed by the presence of fluid in the lungs. The MRL rupture rate of 0% was
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significantly different from that of C57 and LG/J mice (Table 1 and Supplemental Figure
S1). One C57 animal died of rupture outside of the 5-day period; there were no other rupture
deaths (Supplemental Figure S1). Difficulty visualizing the target artery in LG/J hearts led
to a lower MI success rate than the other strains.

These differences in survival could not be attributed to inconsistent initial infarct sizes or
hemodynamic parameters. Infarct size 1 day after surgery, determined by TTC staining, was
not statistically different between the strains (Fig. 2A). Owing to the low sample number in
the LG/J group, this conclusion cannot be supported with high power. This lack of
difference held when infarct size was normalized to the area at risk (C57 n = 6, MRL n = 7,
LG/J n = 3, P = 0.70; data not shown). Analysis of hemodynamic data (Table 2) did not
indicate that MRL mice had a more favorable hemodynamic environment than C57 or LG/J
mice 1 day post-MI.

In a cohort of animals, we measured MMP-9 activity on day 3 post-MI to determine if
increased activity could be a factor in the high rupture rate of C57 mice compared with the
other strains. Gelatin zymography for MMP-9 in all three strains revealed a slight trend
toward reduced gelatinolytic activity in the MRL LV and RV compared to the C57 and LG/J
LV and RV, but the trend did not reach statistical significance (Supplemental Figure S2).

In another cohort of animals, we measured infarct size and thickness on day 5 post-MI to
determine if increased survival in the MRL strain could be related to attenuated infarct
expansion (Hutchins & Bulkley, 1978) or preserved thickness compared to C57 or LG/J
hearts (Fig. 2B, C). There were no significant differences in infarct size between groups
(Fig. 2B). There were also no significant differences in infarct thickness between the groups
(Fig. 2C). Based on these results, the survival advantage in MRL mice could not be
attributed to attenuated infarct expansion or preserved infarct thickness.

Enhanced reparative response in MRL infarcts
To generate hypotheses regarding which biological processes could contribute to the
increased survival of MRL mice, gene expression was analyzed before (day 0) and 1 and 5
days after MI in the infarct and non-infarct regions of C57 and MRL hearts (n = 4 per group
except C7 day 0 n = 3). HOPACH clustering (van der Laan & Pollard, 2001) of the 688
filtered transcripts identified the major differences in patterns of gene expression (Fig. 3).

Using MAPPFinder (Doniger et al., 2003), clusters were annotated with Gene Ontology
(www.geneontology.org) terms (Fig. 3) to understand the functional significance of the
changed genes. Transcripts related to known effects of MI injury, such as response to stress
and inflammation, appeared in the cluster with progressive induction of expression in the
MRL (PI-MRL) and the cluster with early induction of expression in the C57 and MRL (EI-
C57/MRL; Fig. 3). However, there was also clear differential regulation. The EI-C57/MRL
cluster contained transcripts associated with the induction of apoptosis and negative
regulation of cell proliferation that were not present in the PI-MRL cluster. Apoptotic
transcripts were also present in the PI-C57 cluster. In contrast, the PI-MRL cluster contained
numerous transcripts related to reparative processes, including those associated with the GO
terms, “positive regulation of development” and “cell motility.” Additional terms described
cellular constituents such as “extracellular matrix,” and biological processes such as
“angiogenesis.”

To validate this analysis, three transcripts were chosen for quantification with real-time PCR
(Fig. 4). Platelet-derived growth factor beta (Pdgfb), a cell survival factor (Au et al., 2005),
and chondroitin sulfate proteoglycan 4 (Cspg4), a mediator of cell adhesion and proliferation
(Ugur et al., 2001), were members of the PI-MRL cluster. Fas death domain-associated
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protein (Daxx), a pro-apoptotic factor (Yang et al., 1997), was a member of the PI-C57
cluster. The expression patterns of these genes using qRT-PCR (Fig. 4B) were similar to the
patterns in the microarray data (Fig. 4A).

In summary, MRL and C57 hearts both appear to express transcripts associated with a
characteristic response to MI injury, but differential regulation is also apparent. MRL hearts
may express more transcripts associated with reparative processes, while C57 hearts may
express more transcripts associated with deleterious processes such as apoptotic cell death.

MRL infarct tissue is less susceptible to early cell death
To test the hypothesis suggested by the microarray analysis that differential regulation of
apoptosis could be a significant factor in the increased survival of MRL mice post-MI, a
TUNEL assay was performed 1 day after coronary ligation in hearts from each strain (Fig.
5A, B). There was a 6-fold decrease in the number of TUNEL-positive cells closely
associated with myocytes in the MRL infarct region compared to the C57 infarct (Fig. 5D).
The LG/J apoptotic index was intermediate (P = NS; Fig. 5D). TUNEL-positive cells were
not observed in remote LV myocardium or the interventricular septum (Fig. 5C), or in
uninjured controls (not shown).

MRL hearts have attenuated CD45+ cell infiltration
Microarray analysis results suggested that the MRL inflammatory response could be delayed
compared to the C57, due to the progressive pattern of induction in the PI-MRL cluster
compared to the EI-C57/MRL cluster. Leukocyte infiltration was investigated on day 2 post-
MI by immunohistochemical staining for CD45 (Fig. 6 A, B), which labels all leukocytes
(Pattanapanyasat et al., 1994). There was a 5-fold decrease in the number of CD45+ cells in
the MRL infarct border zone compared to the C57 border zone (Fig. 6D), consistent with an
attenuated inflammatory response. The LG/J response was intermediate (P = NS; Fig. 6D).

MRL hearts have smaller infarct scars and attenuated remodeling
To determine if there was a different chronic response to MI injury between the strains,
subsets of MRL and C57 mice were sacrificed after 30 days (n = 11 and 10, respectively)
and hearts were examined histologically. Mature MRL infarct scars were significantly
smaller than C57 scars (Fig. 7A, B). Indices of LV dilation (Fig. 7C) and infarct expansion
(Fig. 7D) were also attenuated. There was a trend toward increased scar thickness in MRL
hearts, but the difference did not reach statistical significance (P = 0.08, data not shown).

Discussion
The results presented above show that increased survival in MRL mice compared with C57
mice is attributable to the absence of ventricular rupture in the acute phase post-MI, and
provide the first data on post-MI survival, apoptosis, and inflammation in its parental strain,
the LG/J. Lack of rupture in the MRL could not be attributed to smaller infarct size, more
favorable hemodynamics, or attenuated infarct expansion. We performed a microarray study
to generate hypotheses that could potentially explain the survival advantage of the MRL
over the C57, and our analysis suggested that even in the first 1 – 5 days after MI, MRL
hearts began to express transcripts associated with wound repair while C57 hearts expressed
transcripts associated with cell death. These results were confirmed with tissue-level assays
that showed significantly fewer TUNEL-positive cells and less CD45+ cell infiltration in the
MRL infarct, parameters that have not previously been investigated after acute coronary
artery ligation in the MRL. Similar to the survival results, TUNEL-positive cells and CD45+

cell infiltration in LG/J hearts were intermediate between the C57 and MRL strains. Thirty
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days post-MI, MRL infarct scars were smaller than C57 scars, which could not be attributed
to attenuated infarct expansion.

Several laboratories have reported the presence of ventricular rupture in the C57BL/6J
inbred strain during the first week after permanent coronary occlusion (Heymans et al.,
1999; Askari et al., 2003; Hayashidani et al., 2003; Sun et al., 2004; Tao et al., 2004; Gao et
al., 2005; Matsumura, 2005), which our results reproduced (Table 1). Rupture is an acute
complication of MI in at least two other common inbred strains (Gao et al., 2005), and its
rate is strain- and gender-dependent. However, the strain (FVB/N) with a rupture rate lower
than the C57 is quite susceptible to acute heart failure; 45% of males succumb to this
complication in the first 7 days post-MI (Gao et al., 2005). Based on these results, the total
acute death rate of 8% and the rupture rate of 0% in male MRL mice reported here is
remarkable.

The C57 transcriptome has been studied 1 day after permanent coronary occlusion (Harpster
et al., 2006), in addition to earlier and later time points. A comparison of upregulated acute
inflammation transcripts with our data revealed that 66% of the 88 transcripts common to
the datasets were significantly expressed (P < 0.05) in both, and 100% of those were
upregulated, suggesting strong similarities between the studies. The MRL transcriptome has
not been studied at 1 or 5 days post-MI.

Several lines of evidence support a role for leukocyte infiltration in precipitating rupture
post-MI (Heymans et al., 1999; Sun et al., 2004; Gao et al., 2005). Depletion of leukocytes
has been shown to protect against rupture (Heymans et al., 1999). Moreover, the neutrophils
likely to compose the majority of the CD45+ cells on day 2 post-MI (Heymans et al., 1999;
Yang et al., 2002; Tao et al., 2004) are thought to be the source of matrix metalloproteinase
(MMP)-9 (Lindsey et al., 2001; Tao et al., 2004; Chen et al., 2005), which may have a
prominent role in degrading the existing ECM and precipitating rupture (Heymans et al.,
1999; Tao et al., 2004). Gelatin zymography for MMP-9 in all three strains revealed a slight
trend toward reduced gelatinolytic activity in the MRL LV and RV compared to the C57 and
LG/J LV and RV, but the trend did not reach statistical significance. Expression of the
inflammatory cytokines TNF-α and IL-1β was not different between the strains, but the
potent neutrophil chemoattractant Cxcl7 (Walz et al., 1989) was strongly induced (48-fold)
in the C57 day 1 infarct and not in the MRL. It is currently unknown whether apoptosis
contributes to the likelihood of rupture after MI in mice, but a reduction in the number of
TUNEL-positive myocytes in the acute phase post-MI using erythropoietin (EPO) treatment
has been associated with significantly increased acute survival (Brunner et al., 2009).
Together, these studies and our data suggest that reduced apoptosis and leukocyte infiltration
could contribute to the increased survival of MRL mice by providing some protection
against rupture.

Our data also showed that MRL hearts healed chronically with smaller scars and attenuated
remodeling compared with C57 hearts after MI. Several studies have linked attenuated acute
apoptosis (Suzuki et al., 2001; Moon et al., 2003; Roubille et al., 2007; Yao et al., 2007;
Brunner et al., 2009) and inflammation (Erlich et al., 2000; Yao et al., 2007; Liehn et al.,
2008) with reduced infarct scar size after MI, suggesting that the reductions we observed in
TUNEL-positive nuclei and CD45+ cell infiltration early after MI could potentially
contribute to improved chronic healing in the MRL.

A number of other groups have studied post-MI healing in MRL mice and should be
mentioned (Oh et al., 2004; Abdullah et al., 2005; Naseem et al., 2007; Cimini et al., 2008;
Grisel et al., 2008; Robey & Murry, 2008). Our finding of increased acute survival in the
MRL confirms and extends that of Naseem and colleagues (2007), who reported a drop in
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C57 survival after 1 week. However, improved chronic healing had not yet been observed.
Two of these groups used male MRL mice and permanent coronary occlusion (Naseem et
al., 2007; Robey & Murry, 2008), similar to the present study. One reported a survival rate
of 90% in C57 mice (Robey & Murry, 2008), which is inconsistent with other studies
(Heymans et al., 1999; Askari et al., 2003; Cavasin et al., 2003; Hayashidani et al., 2003;
Sun et al., 2004; Tao et al., 2004; Gao et al., 2005; Matsumura, 2005), and may be a
consequence of vendor (Harlan vs. Jackson Laboratories). Naseem et al. (2007) reported a
decrease in LV dilation in MRL mice, consistent with the attenuated infarct expansion index
we observed in the MRL, but no difference in 30-day infarct scar size between C57 and
MRL hearts. The present study may have had more power to detect a difference in infarct
scar size with group sizes of 10 – 11, compared to groups of 3 in Naseem et al. (2007).

Limitations
Because we did not measure collateral flow, we cannot rule out the possibility of its
contribution to the differences we observed in survival and healing between strains.
However, post-infarct collateral flow as a fraction of non-ischemic flow has been measured
at just 6% in the rat, compared with nearly 16% in the dog (Maxwell et al., 1987); neither
rats nor mice have a vessel comparable to the circumflex artery found in larger mammals
(Johns & Olson, 1954). We believe it is probable that the presence of a physiologically
significant difference in collateral flow between strains would lead to differences in initial
infarct size, infarct/risk area, or 5-day infarct size, which we did not observe in the present
study. However, a limitation of the initial infarct size measurement by TTC is the low
sample number in the LG/J group (n = 3), and we cannot robustly exclude the possibility
that initial infarct size was different in this strain than the others.

Concerning the hemodynamic data, the heart rates we report here are lower than the
expected rate of 450 – 600 bpm. The anesthesia doses required by our Institutional Animal
Care guidelines probably resulted in a deeper anesthesia plane than is common for
hemodynamic measurements. With 1 – β roughly equal to 0.6, this part of the study was also
somewhat under-powered. With the variability present in the heart rates of C57 and MRL
mice, we cannot exclude the possibility that they may have been different if the sample size
had been larger than 6 in each group.

The ex vivo measurements of infarct thickness reported here are not ideal because the hearts
were not fixed at a physiological pressure. Owing to the potential for infarct tissue to deform
under pressure, a more accurate representation of infarct thickness would be an in vivo
measurement using a non-invasive method such as echocardiography.

Another limitation of the present study is that we did not show a direct causal relationship
between the acute reductions in apoptosis and CD45+ cell infiltration and increased survival
or improved healing. Additionally, we cannot rule out the possibility that in MRL hearts
these acute parameters reached levels equivalent to those in C57 hearts before 1 day or
beyond 5 days post-MI, and thus did not have an effect on differential survival or chronic
healing. However, we believe that the previous literature in this area, as discussed above,
provides support for the conclusions presented in the current study.

Conclusions
The results presented here support the idea of the MRL mouse as an intriguing, though
complex, model of improved post-MI survival and healing. Our data suggest that these
phenotypes could be derived in part from reductions in apoptosis and inflammatory
infiltration. The intermediate survival, apoptosis, and inflammation characteristics of the
parental LG/J strain indicate that genetic background may contribute significantly to MRL
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traits, but also imply that the greater attenuation of apoptosis and inflammation in the MRL
heart post-MI may be related to the increased survival displayed by this strain. Finally, these
data support placing a focus on attenuating both apoptosis and inflammation in future
studies designed to augment post-MI cardioprotection in the mammalian heart.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Kaplan-Meier survival analysis of all 3 strains through 30 days post-MI. There was a
significant trend in survival by strain (P < 0.01), and MRL mice (n = 90) had a survival
advantage compared with C57 mice (n = 106; P < 0.05). LG/J survival (n = 31) was
intermediate (P = NS). *, P < 0.05.
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Figure 2.
(A) There was no statistically significant difference in initial infarct size 1 day post-MI
between the 3 strains (C57 n = 10, MRL n = 9, LG/J n = 3; P = 0.67.). (B) There were no
significant differences in infarct size after 5 days between hearts of animals sacrificed on
that day and C57 hearts that ruptured on or before 5 days post-MI (C57 n = 5, C57 ruptured
hearts n = 3, MRL n = 4, LG/J n = 4; P = 0.86.). Infarct thickness was not preserved in MRL
hearts 5 days post-MI (C); there were no significant differences in infarct thickness between
the strains (C57 n = 5, MRL n = 3, LG/J n = 4; P = 0.32.).
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Figure 3.
HOPACH clustering and MAPPFinder annotation results. Green, downregulation; red,
upregulation. Changed/measured, number of genes in cluster/number on array. Z-score
explained in Doninger, et al. Abbreviations: R, repression; PR, progressive repression; PI,
progressive induction; EI, early induction. C57/MRL indicates that the expression pattern
was similar in both strains.
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Figure 4.
Validation of Affymetrix MOE430A microarray gene expression (n = 4 in each group
except C57 day 0 n = 3) before (day 0) and 1 and 5 days after MI using quantitative real-
time PCR (n = 3 in each group). Expression patterns are similar between microarray (A) and
PCR (B). Pdgfb: platelet-derived growth factor beta; Daxx: Fas death domain-associated
protein; Cspg4: chondroitin sulfate proteoglycan 4. *, P < 0.05; **, P < 0.01; ***, P <
0.001. Significance was reached on day 5 only.
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Figure 5.
TUNEL staining in the infarct border zone of C57 (A) and MRL (B) hearts 1 day post-MI (n
= 6 in each group). Arrows point to TUNEL-positive nuclei. Dotted lines denote the
approximate infarct boundary. An asterisk marks the injured region. A representative image
of remote LV myocardium is shown in panel C. The number of TUNEL-positive nuclei
closely associated with myocytes was significantly higher in C57 hearts than MRL hearts (P
= 0.001) (D). There were no statistically significant differences between LG/J hearts (n = 4)
and the other groups. Bar = 50 μm. ***, P = 0.001.
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Figure 6.
CD45+ cells (arrows) in the infarct border zone of C57 (A) and MRL (B) hearts 2 days post-
MI (C57 n = 6, MRL n = 5). Dotted lines denote the approximate infarct boundary. An
asterisk marks the injured region. A representative uninjured control is shown in panel C.
There were significantly more CD45+ cells/mm2 in the C57 infarct border zone than in the
MRL border zone (P < 0.01) (D). There were no statistically significant differences between
LG/J hearts (n = 4) and the other groups. Bar = 50 μm. **, P < 0.01.

Hunt et al. Page 19

Exp Physiol. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Deleterious remodeling in MRL hearts (n = 11) was attenuated compared with C57 hearts (n
= 10) 30 days post-MI. Representative trichrome-stained sections from C57 (left) and MRL
(right) hearts (A). Infarct scar size after 30 days was significantly smaller in MRL hearts (P
< 0.05) (B). LV dilation (C) and infarct expansion (D) were also significantly attenuated. *,
P < 0.05; **, P < 0.01.
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Table 1

Surgical data

Mouse Strain

C57 MRL LG/J

Number of animals

MI operations 136 121 60

Operative survival (%)* 114 (84%)† 117 (97%) 55 (92%)

Ventricular rupture (rupture rate‡) 17 (29%) 0 (0%)⋄ 2 (25%)

*
Animals that were alive at the end of the day of surgery (day 0).

†
P < 0.01 vs. MRL and LG/J.

‡
Kaplan-Meier estimate of rupture rate 5 days post-MI. No MRL mice died of rupture at any time during the study.

⋄
P < 0.001 vs. C57 and LG/J.
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Table 2

Hemodynamic parameters

Parameter

Mouse Strain

C57 (n = 6) MRL (n = 6) LG/J (n = 3)

Heart rate (bpm) 318 ± 41 249 ± 18 326 ± 2

LV end-systolic pressure (mmHg)) 86 ± 7 81 ± 4 89 ± 8

LV end-diastolic pressure (mmHg) 15 ± 3 15 ± 2 4.1 ± 0.3*

Max dP/dt (mmHg/sec) 5586 ± 665 5024 ± 545 7854 ± 250†

Min dP/dt (mmHg/sec) −3896 ± 322 −3685 ± 300 −4851 ± 156

*
, P < 0.05 vs. C57 and MRL;

†
P < 0.05 vs. MRL.
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